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Abstract—In the present paper, the study of the
thermal sensitivity coefficients of the three different
fabrication materials based a thermal Arrayed
Waveguide Grating (AWG) under the spectral
wavelength and ambient temperature sensing in wide
area dense wavelength division multiplexing optical
access network based on the MATLAB (Mathematical
laboratory) curvefitting program.

Index Terms—Conventional Arrayed waveguide Grating
(AWG), Silica-doped material, Polymethyl-metha acrylate
(PMMA) Polymer material, Lithium Niobate (LiNbO3)
material, Thermal Sensitivity Coefficients.

[. INTRODUCTION

With the increasing diversity of Dense Wavelength
Division Multiplexing (DWDM) systemsin recent years, the
needs facing the Arrayed Waveguide Grating (AWG),
which  handles the function of  wavelength
multiplexer/demultiplexer, is for a thermalization
(temperature-independence) requiring no power supply.
This would make it possible for the AWG module to be
isolated from transmission devicesinside an office and to be
installed in a variety of locations having no power supply,
making them able to satisfy the needs of the increasingly
diversified optical communications networks of the future
[1]. The arrayed-waveguide grating (AWG) is an extremely
versatile device that features and combines simultaneously
unique periodic spatial and frequency properties and the
possibility of integration on a chip. Examples of the
production of spectrum-sliced sources, dispersion
compensation, wavelength division multiplexing (WDM)
multiplexers and demultiplexers, tunable filters, wavelength

routing, asin theimage process and optical processing[2, 3].

The Silicardoped germanium based arrayed-waveguide
grating (AWG) multi/demultiplexer is a key optical access
networking for constructing Dense Wavelength
Division-Multiplexing (DWDM) systems. An a thermal
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AWG must be developed if we are to expand the AWG
application area to access networks [4]. This is because the
center wavelength of a conventional silica-based AWG shifts
with temperature fluctuation, and so a temperature stabilizing
part such as a thermoelectric cooler must be incorporated in
the AWG package. One approach uses polymers whose
temperature coefficients have negative values with another
approach, the input waveguide position moves as a result of
the thermal expansion of compensation metal. The explosive
growth of Internet traffic is pushing the rapid development of
high-speed broadband optical networks, such as dense
wavelength-division multiplexing (DWDM) systems. In these
optical networks, a variety of optical components such as
wavelength-division multi/demultiplexers (MUX/DEMUXS),
erbium-doped  fiber  amplifiers (EDFASs), lasers,
photodetectors, and modulators are indispensable for
constructing optical networks. Among others, arrayed
waveguide grating (AWG)-type MUX/DEMUXs based on
planar lightwave circuits (PLCs) have played an important
role as a key optical component for DWDM. Meanwhile, in
the midst of the telecom winter, many carriers are struggling
to reduce per-bit cost. Therefore, optical components are
expected to have new functions that reduce the operational
and capital expenditures. For example, an AWG itsdf is
expected to be athermal aswell aslow cost. In order to lower
the cost of AWGS, besides testing and packaging costs [5],
chip sizeis quite important because the number of AWGs laid
out over awafer determinesthe general cost. Thisisespecially
truefor large-size optical circuits such as AWGs. Theincrease
in refractiveindex difference between the core and cladding is
aquite useful way to reduce chip size. From the practical point
of view, however, when a high-contrast waveguide is used,
the coupling loss between the waveguide and fiber that results
from mode-field mismatch increases, and this should be
reduced. Avoiding the addition of further processes is
desirable when applying these schemes in order to maintain
low cost. It needs no special process treatment and achieves
low coupling loss. In addition to that, combined high-contrast
AWG waveguides with the athermal structure by introducing
crescent trenches with an adhesive into the slab waveguide of
an AWG. The arrayed waveguide grating (AWG) multiplexer
is a key device for dense wavelength division multiplexing
(DWDM) in optical telecommunication systems. An NxN
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AWG multiplexer can offer some basic functions including
multiplexing,  demultiplexing, routing and NxN
interconnection. Polymer AWG devices possess some
excellent particular features including easier fabrication and
easier control of the refractive index compared with AWGs
made of other materials. Recently, many research groups
have focused on the development of polymer AWG
multiplexers, and have fabricated such optical devices using
various polymeric materials. Excellent AWG devices are
dependent on accurate structural design and fine
technological processing. However, fabrication errors are
hard to avoid in the manufacturing of the AWG devices.
Some previous researches also reported on the impact of
fabrication errors on the transmission characteristics of
AWG devices. Therefore, parameter optimization and
fabrication error analysis are very important in the design
and fabrication of AWG devices. Passive optical networks
(PON) are akey technology to enable the development of an
optical access network. Currently there are many versions of
PON technology. This in the 1980s, the technology was
furthered with the development of the Broadband PON to
carry broadband data over 20 km to 32 customers at
symmetrical data rates of up to 622 Mbit/s. The IEEE has
also developed a PON architecture as part of the Ethernet in
the First Mile project. Ethernet-PON (EPON) are capable of
delivering Ethernet encapsulated data at a rate of 1 Ghit/s
symmetrical with commercially available systems
demonstrating 64 users over a range of up to 20 km.
However, the highest capacity standardized PON
architecture is the Gigabit-PON standardized by the ITU-T,
which is capable of operating at 2.5 Ghit/s symmetrical data
rates, connecting up to 64 customers over 20 km [6],
although currently only lower rates (1.25 Ghit/s) in the
upstream are commercialy available. Traditionally PONs
are connected to the core telecoms network through SDH
rings which form the metro network. The need for high
speed transmission and the exchange of large amount of
information has been motivated to increase the capacity of
the optical fiber communication system. WDM (wavelength
division multiplexing) optical communication system has
been the active areas of research worldwide, utilizing a
single fiber to transmit multi-wavelength channel data, in
order to accommodate the increasing need for larger
information transmission. Precise wavelength selection
technology is one of the key technologies for the successful
realization of the WDM optical system. Since the optical
channel add/drop functionisrequired inthe WDM systemin
addition to the simple point-to-point data transmission,
optical wavelength selection technology is the key
technology in the WDM system. Also, for the realization of
Tb/s rate optical ATM switching network, development of
wavelength selection technology is essential which will be
the basic component for wavelength multiplexing and
demultiplexing. One of the components to realize such
function is a wavelength division multiplexing with an
arrayed waveguide grating (AWG) using silica[7], polymer,
or InP materials. Silica-based devices have large dimensions
compared to the InP-based devices, due to the low index
contrast and the corresponding large bending radii, and it
makes them less suitable for integration of large numbers of

components. Also, due to passive character of silica, it has a
limited potential for integration of active components.
However, the main advantage of InP-based devices lies in
their potential for monolithic integration of active components,
even though they exhibit higher propagation. In wavelength
division multiplexing (WDM) systems with large humber of
channels, there is the need of inserting a large number of
channels in a single optical fiber. For this purpose, several
devices have been developed, and the arrayed-waveguide
grating (AWG) has been indicated as a proper choice. Thisis
due to the properties of such a device and to the simplicity of
manufactory. However, there are limitations in the use of
AWG devicesin dense WDM (DWDM) systems. One of these
limitations is related to the value of free spectral range (FSR),
which reduces the number of channels multiplexed or
demultiplexed. Other limitation is related with the small
isolation between channels that this kind of device can
provide. Taking this into account, it is desirable to have a
method of determining the AWG physical dimensions that
lead to the channel spacing and full width half maximum
(FWHM) required for all the channels of the DWDM system
[8].

In the present study, we have investigated the thermal
sensitivity coefficients of the fabrication materials based
conventional arrayed waveguide grating (AWG) in wide area
dense wavelength division multiplexing optica access
networks.

1. AWGIN DENSEWAVELENGTH-DIVISION
MULTIPLEXING OPTICAL NETWORKS

Arrayed waveguide grating (AWG) which handles the
function of wavelength multiplexer/demultiplexer is
extensively used in configuring optical communication
networks that are becoming more diversified. Since the
transmission wavelength of an AWG is temperature
dependent, it was a common practice to control its
temperature using heaters or Peltier elements. But this caused
problems of power consumption increase in the whole system
in addition to limiting the install ation locations of AWGS, thus
making it difficult to respond to various needs of the
next-generation optical communication networks, despite the
fact that system performance upgrading and function
enhancement are required in recent years. In the optical fiber
communication area, it is expected that broadband network
provision will require thousands of optical fibers to be
accommodated in a central office (CO) for the optical access
network. Optical fiber is capable of delivering
bandwidth-intensive integrated, voice, dataand video services
at distance beyond 20 km in the subscriber access network.
All transmission in a Optical Access Network is performed
between an optical line terminal (OLT) and optical network
unit (ONU). The OLT residesin the central office, connecting
the optical access network to the metro back-bone, and the
ONU is located the end-user location. Optical fiber
maintenance is a very important issue to be consider in a
developing a high quality and reliable Optical Access
Network. Thelong feeder linein a Optical Access Network is
avulnerable part of the network; when unprotected, a break of
it puts the whole Optical access network out of service. One
types of network protection have been described in ITU-T
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Recommendation G.983.1, Protection of the feeder fiber
only by a spare fiber over which the traffic can be rerouted
by means of optical switches. After detection of afailurein
the primary fiber and switch-over to the spare fiber, also
reranging has to be done by the Optical access network
transmission convergence (TC) layer. To support various
optical communication network services expected in the
coming years, there has been much effort to develop a fiber
to the home (FTTH) access optica network. FTTH-Optical
access network offers many advantages such as high speed,
large capacity, and low cost. However, despite its
advantages, atypical FTTH-Optical access network with the
feeder fiber architecture does not have self-monitoring
capability. Preventive monitoring on the optica level can
save a considerable amount of operational cost. Monitoring
tool for detecting failure in optical fiber networks is
traditionally set up on dark fiber as this provides good
balance between material cost, system provisioning effort
and fault detection success rate. Most monitoring systems
used for physical fault detection and positioning employ
optical time domain reflect meter (OTDR).

[11. MODELINGBASISAND ANALYSIS

A. SLICA-DOPED MATERIAL (S 02(1-X)+ GEO2(X))

The Sellmeier equation of the refractive-index is the form
[9]:

BI° L BI® L BT
12-BF 1%-B; 1%- B¢
where ) isthe optical wavelength (um), and the coefficients
of Eg. (1) isgivenby[9].
B;= 0.691663+0.1107001* x
B.,= (0.0684043+0.000568306 * x)** (T/To)?
Bs= 0.4079426+0.31021588 * X,
B,= (0.1162414+0.03772465 * x)** (T/To)?
Bs= 0.8974749-0.043311091 * x
Be= (9.896161+1.94577 * x)?
where x isthe Germania molefraction, T isthe temperature
of the material, K, and T, is the reference temperature (300
K). The differentiation of Eq. (1) w. r. t. Temperature (T)
yields:
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B. POLYMETHYL-METHA ACRYLATE (PMMA)

POLYMER MATERIAL

The Sellmeier equation of the refractive-index is the form
of [10]:

Cl?  ClI? , cy®
12-¢c2 1%2-¢c2 12-¢?
where A isin um, and the coefficients of Eq. (3) is given [10].
C,= 0.4963, C,= 71.80 x 10, C;= 0.6965, C,= 117.4 x 107,
Cs= 0.3223, C4= 9237 x10°.

Also, the differentiation of Eq. (3) w. r. t. Temperature (T)
gives:
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C. LITHIUM NIOBATE (LINBO3) MATERIAL

The set of parameters required to completely characterize
the wavelength dependence of the refractive-index (n)is given,
where Sellmeier equation of the refractive-index is the form
[11]:

n2:,Al+A2H+|2
©)

where A isinumand H =T2- T2 . T is the temperature of

the material, K, and T, is the reference temperature and is
considered 300 K. The set of parameters is recast and
dimensionally adjusted as below [11].

A,=5.35583, A,=4.629 x 107, A;=0.100473, A,=3.862 x 10°
8 As=0.20692, A=-0.89 x 10 A,=100, Ag=2.657 x 10°,
Ag=11.34927, A10=0.015334. Equation (5) can be simplified
as.

A+AH A+ AH
(A +AHP 12N

- Agl?

n2 = A12 + | 2634/6526 + | zévsAg - AlOI 2 (6)
where: Ap=A+ALH, A34:A3+A4H, A56:A5+A6H,
A-g=A;+AgH. Then the differentiation of Eq. (6) w. r. t.
Temperature (T) gives:
n_agol  (2-RJaronnm, A D
TG o
L T S ;

)
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IV. ANALYSISOF THERESULTS

1) AsshowninFigs. (1- 3) indicate that:

As the temperature of the waveguide material (T)
increases, refractive-index (n) of the material decreases
in the the two fabrication materials for waveguide
(Silica-doped, PMMA), but in the case of LiNbO;
increases at the constant wavelength (1).

2) Asshownin Fig. 4, we can fit the relation between the
variation of the refractive-index w. r. t the variation of
Temperature (dn/dT) as a function of three terms based
on MATLAB curve-fitting program [9]:

dn
E:olo+o|1| +d, 12 )

The fitting based on no. of 17 points iteration [at the
starting wavelength (1.3 um), with step-size variation of
(0.025 pum), and the ending wavelength (1.7 um)] for the
Silica-doped material [see Appendix A]. Then we can fit the

sengitivity coefficients ( dy,d;,d, ) as a function of the
Temperature (T).

do =0.72x10 % - 0.46X10 T +0.74x10 'T?  (9)

d; =-0.7X10°? - 0.45x10°*T +0.72x10" ‘T2 (10)

d, =0.10 % - 0.63x10°°T +0.99x10 872 (11)
Then the variation of the refractive-index w. r. t variation of

Temperature (dn/dT) in the form:
é u
dn é u

Z=ldy q d,]d 4 (12)

T ¢ u
94
a

In fact, the Thermal sensitivity is given: (Sf =a ;j_$)’

a= T , and as shown in Figs. (1, 4), as the Temperature of
n

the material (T) increases, then the refractive-index of

material (n) decreases, (dn/dT) increases, and o &so

increases, this achieve high therma sensitivity for

Silica-doped material than two other materials (PMMA,

LiNbO3).

3) As shown in Fig. 5, we can fit the relation between the
variation of the refractive-index w. r. t the variation of
Temperature (dn/dT) asafunction of three terms based on
MATLAB curve-fitting program [9]:

dn 2
—=hy+hl +h1I 13
T hp +hl +h, (13)

The fitting based on no. of 17 points iteration [at the
starting wavelength (0.4 um), with step-size variation of
(0.05 um), and the ending wavelength (1.2 pm)] for the
PMMA Polymer material [see Appendix B]. Then we also
can fit the sensitivity coefficients ( hy, hy, h,) asafunction of
the Temperature (T).
hp = 0.13x10°? - - 0.42x10°°T +0.41x10 T2 (14)

h =-0.3x10"% +0.12x10"*T - 0.13x10 'T?  (15)
h, = 0.16x10" % - 0.65x10°°T +0.82x10 ®T?  (16)

Then the variation of the refractive-index w. r. t variation

of the Temperature (dn/dT) in the form:

dn _ e
ﬁ—[m h h (17)

@O RO®

e ey enlY eny enid

2

In fact, the Thermal sengitivity is given: ( Sf = bg—_rlj),

b= T , and as shown in Figs. (2, 5), as the Temperature of
n

the materia (T) increases, then the refractive-index of

material (n) decreases, (dn/dT) decreases, and this achieve

low thermal sensitivity for PMMA Polymer material.

(4) As shown in Fig. 6, we can fit the relation between the
variation of the refractive-index w. r. t the variation of
Temperature (dn/dT) as a function of three terms based
on MATLAB curve-fitting program [9]:

dn
—:y0+y1T+y2T2 (18)

d
Thefitting based on no. of 17 pointsiteration [at the starting
wavelength (0.4 um), with step-size variation of (0.075 pm),
and the ending wavelength (1.6 pm)] for the LiNbO; material
[see Appendix C]. Then we aso can fit the sensitivity
coefficients ( Yy, Y1, ¥») asafunction of the Temperature (T).

Yo =-0.12x10°% - 0.77x10°°T - 0.12x10°'T? (19)
y; = 0.31x10°% - 0.2x10T +0.32x10 'T?>  (20)
Y, =-0.15x10"? + 0.1x10 *T - 0.16x10°'T* (21)

Then the variation of the refractive-index w. r. t variation of
the Temperature (dn/dT):

Dl v vl (22)

daT )

D> DD

e ey el ey enid

In fact, the Thermal sensitivity is given: ( Sf =y 3—2),

y = T , and as shown in Figs. (3, 6), as the Temperature of
n

the material (T) increases, then the refractive-index of
material (n) increases, (dn/dT) decreases, and this achieve
moderate thermal sensitivity for LiNbOs; material.

V. CONCLUSIONS

Silica-doped material is the preferred fabrication materials
for the based waveguides employed in conventional arrayed
waveguide grating (AWG) for wide area dense
wavel ength-division multiplexing optical access networks. So
that Silica-doped has the lowest refractive-index than the two
other materials (PMMA, LiNbQOs), therefore the high the
speed of the light through its based fabrication waveguide
material. But Silica-doped has the high thermal sensitivity,
and low thermal stability than the two fabrication materials,
that is the only drawback in silica-doped fabrication material.
PMMA, and LiNbO; have low, moderate thermal sensitivity,
moderate, and low thermal stability respectively at the
interval of the wavelengths (0.4 pm-1.2 ym), and (0.4 um-1.6
um), so that the PMMA and LiNbO; are the preferred
fabrication materials based a thermal AWG.
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Appendix A

We can fit (dn/dT) as a function of three terms based on
MATLAB curve-fitting program [9]:

dn
d—_l_:d0+d1| +d,l?

(A1)

The fitting based on no. of 17 pointsiteration at 300 K:
g—; =0.66X10" % - 0.67x10 *1 +0.42x10° %12  (A2)
The fitting based on no. of 17 pointsiteration at 305 K:
372 =0.59x10"% - 0.59x10"*| +0.39x10 *| 2 (A3)
Thefitting based on no. of 17 pointsiteration at 310 K:
:—$ =0.58x10 4 - 0.59x10 4| +0.4x10°412  (A4)

Thefitting based on no. of 17 pointsiteration at 315 K

dn

E=O.58x10'4- 0.58x10 41 +0.38x10° %1% (AB)

The fitting based on no. of 17 pointsiteration at 320 K:

:—$ =0.57x10"* - 0.57x10° | +0.37x10 *| 2

(A6)
The Root Mean Square (r. m. s) for fitting these equationsis

approximately (0.045 %).
The vaues of the coefficients with the operating temperature of
Silica-doped asin Table (1).

T (K) d, d, d,
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300 0.66x10* -0.67.x10* 0.42x10*

305 0.59x10" -0.59x10" 0.39x10"

310 0.58x10* -0.59x10* 0.4x10*

315 0.58x10* -0.58x10* 0.38x10*

320 0.57x10* -0.57x10* 0.37x10*
Table (1)

Then the fitting the values in the Table (1) to indicate the
coefficients ( dy,d;,d, ) as a function of Temperature as

follow:
dy =0.72x10'% - 0.46x10 T +0.74x10 'T? (A7)

d, =-0.7x10°% - 0.45x10°*T +0.72x10 'T? (A8)
d, =0.1x10° 2 - 0.63x10°°T +0.99x10 ®T2 (A9)

Appendix B

We can fit the relation between the variation of the
refractive-index w. r. t the variation of Temperature (dn/dT) as
a function of three terms based on MATLAB curve-fitting

program [9]: j—_rr‘:rwm +h,l?

(TBh%a)fitti ng based on no. of 17 pointsiteration at 300 K:
g—: = 0.42X10 % - 0.78X10° 3] +0.39x10° 3| ? (B2)
Thefitting based on no. of 17 pointsiteration at 305 K:
;l? = 0.41X10°? - 0.77X10° 31 +0.38x10° %1 2 (B3)
The fitting based on no. of 17 pointsiteration at 310 K:
2—2 =0.4X10 2- 0.75X10 3| +0.37x10 %12 (B4)

Thefitting based on no. of 17 pointsiteration at 315 K:

2—2 = 0.39X10°? - 0.74X10 %l +0.36x10 | ?(B5)

Thefitting based on no. of 17 pointsiteration at 320 K:

j—: =0.38X10 % - 0.72X10° 3| +0.33x10° 3| 2 (B6)

The Root Mean Square (r. m. s) for fitting these equations is
approximately (0.028 %).

The values of the coefficients with the operating Temperature of PMMA asin
Table (2).

T (K) h h h,
300 0.42x10° -0.78x10° | 0.39x10°
305 0.41x10° -0.77x10° 0.38x10°
310 0.4x10° -0.75x10° 0.37x10°
315 0.39x10° -0.74x10° 0.36x10°
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320 0.38x10° -0.72x10° 0.33x10°

Table (2)
Then the fitting the values in the Table (2) to indicate the
coefficients ( hy,hy,h,) as a function of Temperature as

follow:

hy = 0.13x10° % - - 0.42X10" °T +0.41x10 8T?  (BY)
h =-0.3x10°2 +0.12x10°*T - 0.13x10 'T?  (B8)
h, = 0.16x10 % - 0.65x10 °T +0.82x10° T2  (B9)

Appendix C

We can fit the variation of the refractive-index w. r. t the
variation of the temperature (dn/dT) as a function of three
terms based on curve-fitting program [9]:

dn 2

— =yt il +y,l C1

qT Yot Wl +¥ (Cy)
Thefitting based on no. of 17 pointsiteration at 300 K:
3—2 = 0.95X10 % - 0.9X10 *l +0.34x10 %1 2 (C2)
The fitting based on no. of 17 pointsiteration at 305 K

3—2 =0.99X10 % - 0.959X10 4| +0.37x10 412 (C3)

The fitting based on no. of 17 pointsiteration at 310 K:

3_-? =0.997X10" % - 0.956X10 %1 +0.372x10" %12

(C4)
Thefitting based on no. of 17 pointsiteration at 315 K:

dn

e 0.1X10°3- 0.96X10°*| +0.373x10° %12 (C5)

Thefitting based on no. of 17 pointsiteration at 320 K:

dn

== 0.103X10°%- 0.98X10°*l +0.38x10 *1%  (C6)

The Root Mean square (r. m. s) for fitting these equations is
approximately (0.055 %).

The values of the coefficients with the operating
Temperature of LINDO; asin Table (3).

T Yo Vi Y,
300 0.95x10° -0.9x10° 0.34x10°
305 0.99x10° -0.95x10° 0.37x10°
310 0.997x10° -0.959x10° | 0.372x10°
315 0.1x10° -0.96x10° 0.373x10°
320 0.103x10° -0.98x10° 0.38x10°
Table (3)

Then the fitting the values in the Table (3) to indicate the
coefficients ( ¥y, V1, Y, ) 8 a function of Temperature as

follow:

Yo =-0.12x10°% - 0.77x10°°T - 0.12x10°'T*  (C7)
y; = 0.31x10°% - 0.2x10°T +0.32x10" T2 (C8)
y, =-0.15x102 + 0.1x10" *T - 0.16x10 T2 (C9)
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