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refractive index of silica-based materials. This requires 
temperature control by heater or thermoelectric (TE) 
device using the Peltier effect, an RTD or a thermistor 
and an electric power supply. Therefore one of the 
major requirements for AWGs has been to reduce power 
consumption, and we developed a Peltier-type AWG 
module and a heater-type AWG module with low power 
consumption 4), 5). We have now developed novel athermal 
AWG modules which need no electric power supply by 
using a unique temperature insensitive technique. It meets 
the need for further reduction in the power consumption of 
the system as a whole and is suitable to Metro networks, 
in which eliminating the need for electric power is a 
major advantage. These novel athermal AWGs almost 
complete temperature compensation for AWGs with a 
large number (32 or 42) of channels, which has been 
hard to realize. In this paper, we report the principle of 
this temperature insensitive technique and the results of 
fabrication of athermal AWG modules of the 100-GHz × 
32-ch (Gaussian) and 100-GHz × 42-ch (semi-flat) types. 
We also report the results of reliability tests based on 
Telcordia GR-1209 and GR-1221.

2.   PRINCIPLE OF TEMPERATURE-
INSENSITIVITY

2.1   Principle of AWG
Figure 1 shows the waveguide circuit structure of an 
AWG, with the input waveguides, input slab waveguide, 
arrayed waveguide, output slab waveguide and output 
waveguides formed on the substrate. Following is a 
description of operation as an optical demultiplexer. 
When a WDM signal comprising a number of optical 

1.   INTRODUCTION
Dense wavelength division multiplexing (DWDM) systems, 
which had their origins in long-haul communication 
networks in North America, are now spreading to the 
entire world. They are also being used in Metro-networks 
and other short-range communication networks. The 
number of channels in DWDM systems is getting larger 
due to the unlimited need for transmission capacity in 
communication networks 1). In general, the greater the 
number of channels in a DWDM system, the greater the 
power consumption of the system as a whole. Moreover, 
the increase in the number of optical components as 
system functions increase, and the use of high-power 
EDFAs 2) or Raman amplifier 3) means even greater 
power consumption of the optical network system. For 
this reason, there is an urgent need to reduce power 
consumption or eliminate electric power for individual 
optical components. AWGs are playing an important role 
as multiplexer/demultiplexers in DWDM systems. The 
AWG has design flexibility with respect to the number 
of channels and wavelength spacing, and is superior in 
mass productivity and compactness. It has the further 
advantage that chromatic dispersion is extremely low, 
making it suitable to suitable to high bit-rate (40 Gbps) 
systems. This suggests that AWG is promising for use in 
future DWDM systems.

In the AWG, the center wavelength is temperature-
dependent due to the temperature dependence of the 
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material and an expansion or contraction of the substrate 
and waveguides, resulting in a difference in the length 
of the optical path. This results in a shift in the position 
of the focal points at the output side of the output slab 
waveguides, and a change in the wavelength of the 
signals entering the output waveguides. By taking φ  in 
Equation (1) as 0 and differentiating an equation solved 
for λ by temperature T, it becomes possible to represent 
the magnitude of the temperature dependence of the 
center wavelength by 

         =                + λαs   (2)

where the first term on the right side of the equation 
represents the temperature dependence of the index of 
refraction and the second term the change in the index of 
refraction caused by stress on the waveguide due to the 
change in the length of the waveguide path accompanying 
expansion or contraction of the substrate. Since the 
temperature dependence of the index of refraction of silica 
glass is 8 × 10-6 /°C and the coefficient of expansion of the 
substrate is 3 × 10-6 /°C (in the case of silicon), we obtain 
a change in center wavelength of approximately 0.011 nm/
°C.

2.3 The Principle of Temperature Insensitivity
In order to compensate for this temperature dependence, 
we focused on the linear dispersion of the AWG. Figure 
2 shows the output slab waveguide portion of the AWG. 
The symbol O corresponds to the position when φ=0 in 
equation (1) and wavelength λ0, and in this condition is 
represented by

  λ0 =          (3)

When the focus point with diffraction angle φp is defined 
as P  and the distance between O  and P  is defined as 
x , the relation between wavelength λ  and x  may be 
represented by

          =             ng    (4)

signals having wavelengths λ1 through λn enters the 
input waveguides it is diffracted and spread by the 
input slab waveguide and is transmitted to the arrayed 
waveguide, which consists of waveguides placed side-
by-side in which each of the signals emitted by the input 
slab waveguide is propagated, and adjacent waveguides 
are disposed at a fixed optical path length difference ∆L. 
For this reason a phase difference appears in the signal 
propagated in each waveguide. The signals passing 
through the arrayed waveguide then enter the output slab 
waveguide and are diffracted and spread, but the signals 
passing though the respective waveguides interfere 
with each other so that in effect they are all diffracted in 
a direction such that their wave fronts are aligned. The 
in-phase conditions in which the wave fronts are aligned 
may be represented by

  nsdsinφ+nc ∆L = mλ  (1)

where: nc and ns are the effective index of refraction 
for the arrayed waveguide and slab waveguide, 
φ  is the angle of diffraction, and d  is the 
distance between arrayed waveguides, λ is the 
wavelength, and m is an arbitrary integer and 
the order of diffraction. 

Since the angle of diffraction that gives the direction 
in which the wave fronts are aligned is dependent on 
wavelength, signals of differing wavelengths are each 
diffracted in a different direction. Accordingly the points 
at which signals of differing wavelength converge at the 
output ports of the output slab waveguides differ, and by 
positioning an output waveguide at each of these points, 
signals of differing wavelength can be sent to a different 
waveguide, thereby extracting signals of wavelength λ1 
through λn. The above description relates to the operation 
of an AWG as a wavelength-division demultiplexer, 
but the same AWG can also be used as a multiplexer. 
That is to say, when a signal of each wavelength from 
the output waveguide (when used as a wavelength-
division multiplexer) is input, the signals from the input 
waveguides (when used as a wavelength-division 
multiplexer) are all output together.

2.2   Temperature-Dependence of Center Wavelength
As has been described, an AWG can be used to multiplex 
and demultiplex signals of a set wavelength, but this 
wavelength (the center wavelength) is temperature 
dependent. When there is a change in temperature, there 
is a change in the index of refraction of the waveguide 

dλ
dT

λ
nc

dnc
dT

nc∆L
m

Lf ∆L
nsdλ0

dx
dλ

Figure 1    Light-waveguide circuit structure of AWG. 
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expansion of copper is constant and very stable.
In order to compensate accurately for the temperature 

dependence of the center wavelength, it is necessary to 
adjust the length of the copper plate, which is determined 
as follows. The change in positional compensating value 
dx may be expressed as a function of temperature change 
T by

  dx =               ng          T   (5)

Using as an example the circuit parameters shown in 
Table 1, we may derive 

  dx = 0.275T     (6)

That is to say when the temperature changes 1°C the 
focal point must change 0.275 μm at the output portion of 
the output slab waveguide. Therefore this is the value for 
which the copper plate must compensate.

Since the thermal expansion coefficient of copper is 1.7 
× 10-5, the length of the copper plate may be calculated 
to be 16.2 mm, depending on the design of the AWG, 
and in most case, is around 15 to 25 mm. Assuming a 
center wavelength compensating accurately of 0.005 
nm or better (over 0~70°C) an error of 0.2 mm in copper 
plate length is permissible, well within manufacturing 
tolerances.

3.   EXPERIMENTAL RESULTS
Using the principle described above, we fabricated 
athermal AWG modules of 100-GHz × 32-ch and 100-GHz 
× 42-ch, with spectra that are Gaussian and semi-flat 
type respectively. The semi-flat type has a configuration 
midway between the Gaussian type and the conventional 
flat type, and is recently in demand for its flatness, and 
lower insertion loss than the conventional flat type.

Figure 5 is a photo of the 100-GHz × 32-ch athermal 
AWG module. The package is very compact and slim-line 
measuring only 57 × 97 × 8.5 mm. The package size of 
the 100-GHz × 42-ch AWG module is 80 x 130 x 8.5 mm.

Figures 6 and 7 show the spectra over all channels 
for 100-GHz × 32-ch and 100-GHz × 42-ch athermal 
AWG modules. Spectrum profiles were substantially the 

where: Lf is the focal length of the slab waveguide 
and ng is the group refractive index of the 
arrayed waveguide. 

Equation (4) shows the linear dispersion of the 
AWG, showing that it is possible to take out light with 
a wavelength that differs from λ0 by dλ when an output 
waveguide is positioned at a point at a distance dx from 
O. Thus, if the output waveguide is shifted by a distance 
corresponding to wavelength change dλ caused by the 
temperature change, the temperature dependence of the 
center wavelength should be compensated.

To realize this principle, we applied a novel concept in 
which one of the slab waveguides was separated. Figure 
3 shows the structure of this novel athermal AWG. The 
circuit of AWG is cut at one of the slab waveguides and 
divided into a larger part and a smaller part. These two 
parts are connected by a copper plate, which works as 
a compensating plate. This copper plate is attached to 
each part at both ends. Figure 4 shows the compensation 
mechanism schematically. In the conventional AWG, 
the focal point shifts as temperature changes and the 
center wavelength of the AWG is temperature-dependent. 
In the athermal AWG on the other hand, the focal 
point also shifts as the temperature changes, but the 
center wavelength is kept constant because the output 
waveguides are moved to this shifted focal point by 
thermal contraction and expansion of the copper plate. 
This compensation is also applied when light is input from 
the output port.

This athermal AWG uses the technique of controlling 
the focal point at the slab waveguide, so that the effect on 
optical characteristics is very small by this temperature 
insensitive operation. This realizes an athermal AWG with 
a large number of channels. It also has the advantage that 
compensation is very stable because the coefficient of 

Table 1      Circuit parameters for 100-GHz × 32-ch athermal 

Parameter

Channel spacing

Channel number

Relative refractive index difference

Focal length of slab waveguide: L f

Length difference between adjacent arrayed 

waveguides :    L

Diffraction order: m

Pitch between adjacent arrayed waveguides at the 

end of arrayed waveguide: d

Value

100 GHz

32

0.8 %

13160    m

40.5    m

13.75    m

38

∆

µ

µ

µ

dλ
dT

Lf∆L
nsdλ0

Figure 3    Structure of athermal AWG.
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Figure 4    Compensation mechanism of athermal AWG.
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dependence of spectrum for the 100-GHz × 32-ch 
Gaussian-type AWG, using the results for the as 
representative of all ports. There was no change in 
spectrum within the 0 to 70°C range, confirming the 
high stability of the optical characteristics. Insertion loss 
change from 0 to 70°C also was less than 0.1dB. Figure 
10 shows an example of the temperature dependence of 
spectrum for the 100-GHz × 42-ch semi-flat type AWG. 
This was also very stable, confirming that this athermal 
principle was applicable to AWGs with a larger number of 
channels.

same as its chip state and no deterioration attributable to 
athermal operation was observed. 

Figure 8 shows the temperature dependence of the 
center wavelength for the 100-GHz × 42-ch athermal 
AWG module. Over a temperature range from 0 to 70°C, 
temperature dependence of the center wavelength was 
less than ±0.01 nm and almost complete compensation 
of temperature dependence was confirmed. The 100-GHz 
× 32-ch athermal AWG module also exhibited the same 
characteristics.

Figure 9 shows an example of the temperature 

Figure 7    Spectrum of 100-GHz × 42-ch semi-flat type 
athermal AWG module.
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Figure 6    Spectrum of 100-GHz × 32-ch Gaussian type 
athermal AWG module.
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Figure 8    Temperature dependence of center wavelength 
of 100-GHz × 42-ch athermal AWG module. 

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

-10 0 10 20 30 40 50 60 70 80

Temperature (°C)

C
en

te
r 

w
av

el
en

gt
h 

ch
an

ge
 (

nm
)

Figure 9    Temperature dependence of spectrum 
for 100-GHz × 32-ch Gaussian type. 
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Figure 10  Temperature dependence of spectrum 
for 100-GHz × 42-ch semi-flat type. 
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Figure 5    Appearance of athermal AWG module 
(100-GHz × 32-ch).
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4.   RESULTS OF RELIABILITY TESTS
Reliability tests were carried out on 100-GHz × 32-ch 
athermal AWG modules in accordance with Telcordia 
GR-1209 and GR-1221, and Table 2 shows the results 
obtained. The values in this table show the amount of 
change from the initial state.

As representative of all tests, Figures 11(a) and 
11(b) show the shift in center wavelength and insertion 
loss resulting from temperature cycling tests. These 
graphs show the worst values over all cannels for each 
module. Through 500 cycles of -40 to 85°C, both center 
wavelength and insertion loss were are very stable. No 
failure was recognized in any of the tests, confirming the 
high reliability of the developed athermal AWG modules. 

5.   CONCLUSIONS
An athermal AWG using a novel principle has been 
developed to fill the need for reductions in the electric 
power  consumpt ion o f  DWDM systems and for  
applications to Metro-networks, and the performance 
of athermal AWG modules of the 100-GHz × 32-ch 
(Gaussian) type and 100-GHz × 42-ch (semi-flat) type 
was demonstrated. The center wavelength shift under the 
temperature from 0 to 70°C was less than ±0.015 nm and 
other optical characteristics were also stable. Reliability 
tests confirmed the reliability of these athermal AWG 
modules. This athermal principle is applicable to various 
type of AWG because athermal operation causes virtually 
no deterioration in optical characteristics.

Figure 11  Results of temperature cycling test 
(-40/85C, n=14 modules).
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(a) Center wavelength variation

(b) Insertion loss variation

Table 2      Results of reliability test on 100-GHz × 
32-ch AWG modules.

Result

Test Conditions n Insertion loss Center wavelength
change (dB) change (nm)

20 G, 20~2000 Hz Ave  0.00 Ave  0.002
Vibration 4 min/cycles 14 Worst  -0.10 Worst  -0.015

4 cycles/axis Std  0.031 Std  0.0056

500 G Ave  -0.01 Ave  0.000
Impact 5 times/direction 14 Worst  0.11 Worst  0.011

6 directions Std  0.025 Std  0.0046

-40~85°C
Ave  0.00 Ave  -0.003

Temperature cycling
500 cycles

14 Worst  0.17 Worst  0.013
Std  0.051 Std  0.0060

85°C·85 %RH
Ave  0.10 Ave  0.012

Damp heat
2000 hours

15 Worst  0.30 Worst  0.022
Std  0.087 Std  0.0050

Low temperature 
storage

-40°C
Ave  -0.06 Ave  -0.011

2000 hours
3 Worst  -0.11 Worst  -0.018

Std  0.023 Std  0.0075

Temperature-humidity
cycling

-40~85°C Ave  0.02 Ave  -0.014
20~85 %RH 3 Worst  0.09 Worst  -0.020

42 cycles Std  0.018 Std  0.0057

1.5, 0.45 kgf
Ave  0.00 -

Cable retention
60 sec

11 Worst  0.00 -
Std  0.000 -

0.23 kgf Ave  0.00 -
Side pull 5 sec 11 Worst  0.00 -

90°2 directions Std  0.000 -


