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Abstract: We have developed a 17-channel (150 GHz-spacing) athermal arrayed waveguide grating 

(AAWG), which has a wider operation range than that of the existing AWGs, by designing a metal 

structure assembly that reduces the temperature dependence of the wavelength. For an operation 

temperature range from −40°C to 85°C, the center wavelengths of all channels had a wavelength 

stability of ±0.04 nm and the insertion loss variation was less than ±0.78 dB. The accelerated life test 

showed that the predicted service life was expected to be more than 41.7 years. 
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1. Introduction 

The exponential increase in traffic over the Internet continues with the advent of 

bandwidth-hungry applications such as 5G, video, artificial intelligence, and virtual/aug-

mented reality [1]. In addition, digital activities using electronic devices have also rapidly 

increased with the outbreak of the COVID-19 pandemic. The rapidly increasing data traf-

fic can be handled through 5G mobile networks, which supply 100 times faster traffic 

throughput than 4G networks, Giga-bit service per user, a short queue time, and high 

spectrum efficiency [2]. 

One example of network architecture designed to address those bandwidth-intensive 

services involves the use of a Wavelength-Division-Multiplexed Passive Optical Network 

(WDM-PON), which utilizes the dedicated point-to-point communications between the 

central office and the end users. In these WDM-PONs, the wavelength multiplexer or de-

multiplexer should be used for either combining or splitting the wavelengths at each al-

located channel. To this application, an arrayed waveguide grating (AWG) filter has been 

extensively developed in recent decades and successfully deployed in the WDM networks 

[3–5]. 

For further deployment in the passive WDM networks such as 5G networks and 

WDM-PONs, an AWG filter should be capable of athermal operation within the harsh 

temperature range, for example, from −40 °C to 85 °C [6,7]. Here, the athermal operation 

means the AWG performance variation should be within the allowed range that can be 

tolerated in the network operation [8]. 

Electronic control circuitry for cooling the AWG unit is essential for the wavelength 

stabilization of each AWG channel over the temperature range of −40 °C to 85°C. 
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Such additional requirements may increase the power budget, the cost/volume of the 

device, the chance of reliability problems, etc., and put a great burden on network opera-

tors and administrators [9,10]. 

In contrast, an athermal AWG (AAWG) requires neither of an active component nor 

an external electric power supply, keeping the total cost of network installation and 

maintenance much lower than that of a cooled AWG [11–15]. The center wavelength at 

each channel of an AWG made with silica material normally has a temperature depend-

ence of around 11 pm/°C [16–18]. 

There have been numerous reports regarding the mechanical design skims for the 

athermal operation of the AWG filter module [11–15]. Reliability tests and lifetime predic-

tions of a 50 GHz AAWG module, equipped with the temperature compensated opera-

tion, have already been conducted by using a metal structure; the results were reported 

in [15]. 

In this work, we show the improved reliability of an AAWG module with an elabo-

rated fixture design in which the input slab waveguide moves in parallel with the slab. 

Moreover, our proposed design is developed in a manner of applying adhesive to mini-

mal areas only where the AWG chips require bonding. To confirm the enhanced perfor-

mance, we carry out a reliability test of the 17-channel (150 GHz-spacing) AAWG module 

and the results revealed a stable operation with only a ±0.04nm wavelength shift (less than 

half of that demonstrated in [15]) and a long lifetime of 41.7 years (5 years longer than the 

results of [15]). 

2. Design of the Athermal AWG 

2.1. Thermal Compensation Design 

With the typical AWG structure shown in Figure 1, the phase matching condition at 

each input/output waveguide is normally expressed as 

n� D sin∅ +  n�∆L = mλ (1)

where ns and nc are the effective index of the slab and the waveguide, respectively. 

The spacing and angular difference between adjacent waveguides are D and ϕ, respec-

tively. The length difference in the arrayed waveguide arm is L. The vacuum wavelength 

is λ, and the diffraction order is m. 

From the dispersion relation of Equation (1), the following two equations for temper-

ature dependence and angular dispersion are derived. 

 

Figure 1. AWG’s input and output slab waveguide circuit structure [15]. 

Equation (2) shows the temperature dependence of the center wavelength (C.W.) of 

each channel, whereas Equation (3) shows the angular dispersion for the change of the 

input wavelength from the C.W. For thermal compensation, the lateral displacement of 

the focal point ‘dx’ for the temperature change ‘dT’ should be compensated by moving the 
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input or output waveguide in the opposite direction by ‘-dx’. Hence, it can be directly 

calculated by 

��

��
=

�  ���

�� �� 
+  λ�� (2)

��

��
=

�� Δ�

�� ��� 
�� (3)

where αs is the coefficient of thermal expansion (CTE) of the substrate. The substrate 

material is usually a silicon and its value is around 8 × 10−6/°C. The group index of the 

arrayed waveguide is ng. Lf is the focal length of the slab region. The C.W. of each channel 

is λ0. The variable ‘x’ denotes the lateral displacement of the focal point when the input 

wavelength is deviated from the C.W. λ0. 
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��
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�� ���
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Figure 2 illustrates the structure of the newly designed AAWG. Temperature com-

pensating substrate (a) is Invar, (b) is an SUS bolt(S.B.), and (e) is designed to be structur-

ally modulated by the thermal expansion of the SUS bolt. The input slab region of the 

AWG chip cuts into two parts, (c) and (d). Part (d) contains the input waveguide, whereas 

part (c) includes all the remaining regions of the AWG chip such as the input slab wave-

guide, the arrayed waveguide arm, the output slab, and the output waveguides. Below 

the AWG chips exists the board (a), which holds part (d). 

The AWG chip (c, d) are adhesive-bonded only to the board (a) and such a skim of 

minimizing the thermal deformation can potentially guarantee a higher reliability of the 

AAWG module. The geometry of board (a), illustrated in (e), is elaborated in such a way 

as to enable the movement of (d) in parallel with the slab waveguide. 

One end of the S.B. (b), of which the material is SUS (stainless steel), is connected to 

the board (a), and the other end is connected to part (c). When the environment tempera-

ture changes by 1 degree, then the S.B. (b) length changes by the amount of the product of 

the S.B. (b) length and its thermal expansion coefficient (1.73 × 10−5/°C). 

By inserting the design parameters illustrated in Table 1 into Equation (5), we obtain 

the following. 

Table 1. Circuit parameters for 17-channel (150 GHz-spacing) AAWG [15]. 

Parameter   Values 

Channel spacing  150 GHz 

Number of channels  17 

Length of the free propagation region Lf 3020 µm 

Length difference of arrayed waveguide ∆L 53.23 µm 

Input/Output waveguide at slab input and output D 7.0 µm 

Effective group index of arrayed waveguide at R.T. ng 1.474 

Effective mode index of slab waveguide at R.T. ns 1.458 
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Figure 2. Temperature compensation board with chip assembled. 

��

��
= − 0.197 

㎛

deg
 (5)

Equation (5) demonstrates that, when the temperature changes by 1 °C, the focal 

point in the input end of the input slab waveguide shifts laterally by 0.197 µm. Hence, to 

thermally compensate for this shift, the S.B. (b) length is calculated by dividing this value 

by its thermal expansion coefficient, and its length becomes 11.4 mm. 

2.2. Finite Analysis of Temperature Compensation Board 

Figure 2 shows the structure of the multiplexing AAWG. This circuit consists of an 

integrated chip, a temperature compensation board (a), and an S.B. (b). The chip is cut at 

the input slab waveguide and separated into (c) and (d). The integrated chip is firmly 

attached to the upper side of the temperature compensation board (a) using a thermoset-

ting adhesive and separated into (c) and (d). The loss is minimized using a matching gel. 

In addition, the temperature compensation board (a) is connected to the S.B. (b) to 

compensate for temperature change. Thus, it is mainly thermally contracted and ex-

panded in the X direction. The change in the compensation length in the X direction causes 

the waveguide to displace in the direction of the cut where the wavelength shift is com-

pensated. 

The deformation caused by the temperature of the compensation structure, in turn 

caused by the temperature compensation board, was simulated using a finite element 

method. Figure 3 shows the displacement in the X axis at a temperature of −40, −20, 0, 25, 

55, and 85 °C. The displacement contraction from the reference location was indicated by 

+ and the expansion was indicated by −. 

 
(a) −40 °C: 5.03 µm 

 
(b) −20 °C: 3.47 µm 
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(c) 0 °C: 1.93 µm 

 
(d) 25 °C: −0.01 µm 

 
(e) 55 °C: −2.34 µm 

 
(f) 85 °C: −4.67 µm 

Figure 3. Strain distribution by temperature of the temperature-compensated substrate. 

In Figure 3a, the deformation caused by the temperature of the temperature compen-

sation board at −40 °C and the displacement of the focal point due to the contraction of 

the temperature compensation bolt were around 5.03 µm. The difference in the wave-

length shift was around 4 pm, which indicated that temperature compensation was well 

achieved. In Figure 3b, the deformation caused by the temperature of the temperature 

compensation board at −20 °C and the displacement for position compensation were 

around 3.47 µm; the difference in the wavelength shift was around 1 pm. Figure 3c de-

scribes that the displacement for position compensation at 0 °C was 1.93 µm, and the dif-

ference in wavelength shift was around 2 pm. 

As shown in Figure 3d, the AWG temperature compensation board and bolt practi-

cally maintain their original shape without significant change at room temperature (25 

°C). Figure 3e describes the deformation caused by the temperature in the temperature 

compensation board at 55 °C; the displacement for position compensation was around 

−2.34 µm, and the difference in wavelength shift was around 11 pm. Figure 3f presents the 

deformation caused by the temperature in the temperature compensation board at 85 °C; 

the displacement for position compensation was around −4.67 µm and the difference in 

wavelength shift was around 9 pm. 

The displacement value for position compensation was almost consistent with the 

theoretical design (the pitch of adjacent arrayed waveguide 7.0 µm) (the difference was 

around 1 pm to 11 pm). The loss was expected to be low because the wavelength shift was 

well compensated for according to the temperature change [13]. 

3. Athermal AWG Fabrication Results 

Fabrication Results 

We fabricated a Gaussian-type AAWG module by minimizing the 17-channel (150 

GHz-spacing) AWG chip manufactured using the PLC manufacturing technology into 95 

× 55 × 12 mm, as shown in Figure 4, based on the temperature compensation principle and 

our patent [19]. The newly manufactured module simplified the process by minimizing 

the epoxy, and the wavelength shift was two times smaller than the previously developed 

(50 GHz-spacing) AAWG due to the improvement of the temperature compensation struc-

ture, so the yield was also improved. 



Processes 2022, 10, 2120 6 of 15 
 

 

 

Figure 4. 17-channel AAWG module. 

The reliability and characteristics tests of optical communication components followed 

international testing standards [20,21]. Based on the conditions of international testing stand-

ards [20], the reliability testing of the AAWG module was conducted, and the characteristic 

performance was measured before and after testing at room temperature (23 °C, 50% R.H.). 

Table 2 presents the results of the mechanical shock and long-term environment reliabil-

ity tests. The reliability test was conducted with three samples for each test and the insertion 

loss(IL) value and C.W. were compared before and after the test at room temperature. 

Table 2. Results of reliability test. 

Test Conditions Number Channel 

Results 

Average 

C.W. Deviation 

(nm) 

IL Deviation 

(dB) 
IL (dB) 

Mechanical shock 

500 G, half-sine, 

1 ms, 3 drops/axis 

6 axis 

3 

1 ch. 0.003 0.10 −2.24 

17 ch.  0.005 0.01 −1.80 

1~17 ch. 0.003 0.03 −2.00 

Vibration 

20 G, 20–2000 Hz 

4 min/cycles, 

4 cycles/axis, 3axis 

3 

1 ch. 0.001 0.14 −1.78 

17 ch.  0.000 0.07 −1.61 

1~17 ch. 0.001 0.05 −1.63 

Temp. cycl. 
−40–85 °C, 

2000 cycles 
3 

1 ch. 0.009 0.02 −2.01 

17 ch.  0.004 0.07 −1.88 

1~17 ch. 0.007 0.11 −1.93 

High-temp. stor-

age  
85 °C, 2000 h 3 

1 ch. 0.000 −0.18 −1.96 

17 ch.  0.003 −0.24 −1.80 

1~17 ch. 0.003 −0.20 −1.83 

Low-temp. storage −40 °C, 2000 h 3 

1 ch. 0.003 0.07 −2.18 

17 ch.  0.002 −0.05 −2.27 

1~17 ch. 0.001 −0.02 −2.13 

Cycl. moisture re-

sistance  

25–65 °C, 

80–100% R.H. 

−10 °C, 10 cycles 

3 

1 ch. 0.001 −0.12 −2.25 

17 ch.  0.002 −0.40 −2.40 

1~17 ch. 0.005 −0.20 −2.20 
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Figure 5a shows the spectral response of one sample before the testing of 17-channel 

AAWG modules. Figure 5b–d shows the monitored wavelength and IL deviation in real-

time according to temperature changes while conducting the temperature cycling reliabil-

ity test. The IL and C.W. shift at the No. 9 channel were measured while conducting the 

temperature cycling test (−40~85 °C). The temperature dependence of the C.W. for the 

wavelength (9 ch.) of the 150 GHz × 17 channels AWG module is shown in (b), which 

verifies that the value required by the temperature compensation was satisfied. The tem-

perature dependence of the IL for the wavelength (9 ch.) of three AAWG modules in a 

range of −40~85 °C is shown in (c), which verifies that the temperature was compensated 

for from the minimum ±0.001 nm to the maximum ±0.04 nm. The C.W. shift of three 

AAWG modules in a range of −40~85 °C is shown in (d), which also verifies the deviation 

ranges from the minimum ±0.01 dB to the maximum ±0.78 dB.  
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Figure 5. Temperature dependence of 17-channel AAWG module: (a) Spectrum of 17-channel 

AAWG module; (b) Temperature dependence of C.W.; (c) IL deviation of the temperature depend-

ence for each of the three modules; (d) C.W. shift of the temperature dependence for each of the 

three modules. 

4. Reliability Test Results for Internal and External Environmental Application 

Reliability Tests Result 

The reliability test of the 17-channel (150 GHz-spacing) AWG modules was con-

ducted by referring to international testing standards [20,21] for passive optical compo-

nents, and compared to the test on the previously developed product (50 GHz-spacing, 96 

ch, AWG). Additionally, a harsher test condition was applied by adding an impact test 

and increasing the test cycle. The reliability test results were analyzed as shown in Table 

2. The wavelength band was 1280~1300 nm, and the channel spacing was around 0.83 nm. 

To verify the reliability of the AAWG module, three samples for each test item were tested. 
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To compare the sample’s performance, IL before and after the test, IL deviation, and C.W. 

were measured. 

As presented in the results of Table 2, according to the conditions of the reliability 

test, the measured maximum IL deviation was within the maximum ±0.40 dB, which sat-

isfied the requirements of 0.5 dB or 10% by the above specifications. The average IL is an 

average of 1~17 channels in three samples, which were individually tested. It showed a 

range within the maximum of −2.20 dB, which was smaller than the reference value of 4.6 

dB in international testing standards [21]. Among the six items in the reliability test, the 

largest average IL was −2.20 dB, which was found in the cycling moisture resistance test. 

The average IL deviation (two in mechanical items and four in environment items) of the 

six items in the reliability test was in a range of −0.20~0.11 dB, which verified the perfor-

mance was stably maintained even after the reliability test without any significant differ-

ences. The average C.W. temperature dependence satisfied a range of ±0.007 nm and the 

average IL deviation was less than ±0.2 dB in all test items. 

Figure 6 shows the average results of 17 channels in three AAWG modules after the 

temperature cycling test. Figure 6 a,b shows the IL deviation and C.W. shift. The IL devi-

ation after the test of 2000 cycles at −40~85 °C was within ±0.11 dB and the C.W. shift was 

within ±0.007 nm, which exhibited a stable performance against temperature changes. Fig-

ure 6c shows the stable spectrum after the temperature cycling. 
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Figure 6. Average results of 17 channels in three AAWG modules after temperature cycling testing 

(T.C.): (a) IL deviation; (b) C.W. shift; (c) Spectrum (T. C. 1); (d) Zoom in spectrum around 0 to −5 

dB transmission (T. C. 1). 

Figure 7 shows the average results of 17 channels in three AAWG modules after 2000 h 

at 85 °C in the high storage temperature test. Figure 7a shows that the IL deviation was within 
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±0.20 dB and the C.W. shift was within ±0.003 nm, which exhibited a stable performance even 

in long-term, high-temperature environments. Figure 7c shows the stable spectrum after the 

high storage temp. 
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Figure 7. Average results of 17 channels in three AAWG modules after high storage temperature 

testing (H.T.): (a) IL deviation; (b) C.W. shift; (c) Spectrum (H. T. 1); (d) Zoom in spectrum around 

0 to −5 dB transmission (H. T. 1). 

Figure 8 shows the average results of 17 channels in three AAWG modules after 2000 

h at −40 °C in the low storage temperature test. Figure 8a shows that the IL deviation was 

within ±0.02 dB and the C.W. shift was within ±0.001 nm, which exhibited a stable perfor-

mance even in long-term, low-temperature environments. Figure 8c shows the stable 

spectrum even after the low storage temperature test. 
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Figure 8. Average results of 17 channels in three AAWG modules after low storage temperature 

testing (L.T.); (a) IL deviation; (b) C.W. shift; (c) Spectrum (L. T. 1); (d) Zoom in spectrum around 0 

to −5 dB transmission (L. T. 1). 

As shown in Table 2, the reliability test results of the 17-channel (150 GHz-spacing) 

AAWG modules verified that the performance degradation of communication quality 

was small in the reliability test consisting of two mechanical items (vibration and mechan-

ical tests) and four environmental items. The purpose of these tests is to guarantee the 

reliability of the module, which will be used in an optical communication network for a 

long period. 

5. Lifetime Prediction 

5.1. Accelerated Life Test 

To predict the lifetime of the developed product, an accelerated life test was con-

ducted with the 17-channel (150 GHz-spacing) AAWG module at a high temperature. The 

life–stress relationship was estimated using the Arrhenius equation in the accelerated life 

test as accelerated stress caused by temperature. The test conditions were set in consider-

ation of stress extrapolation and time extrapolation [15,22]. 

5.1.1. Preparation 

Table 3 presents the conditions of the accelerated life test on the AAWG sample. 

Compared to the test conditions for the product developed in 2021, the accelerated life-

time test applies a higher temperature (3 to 5 degrees higher) for an extended period (300 

h). 
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To increase the reliability of the lifetime prediction, intermediate measurements were 

conducted at three temperatures (74, 86, and 100 °C) with intervals of 250 h. The acceler-

ated life test was conducted for 4300 h using three high-temperature chambers (ESPEC), 

optical spectrum analysis (Anritsu, ms9740A), and Optical Source (Amonics). Failure cri-

teria were established during the test. Failure was deemed to have occurred if there were 

accident failures or there was a 50% change from the initial measurement. The 28 samples 

(21 of Gaussian type and 7 of flat type) were distributed by three temperatures. Channels 

No. 1 and No. 17 were measured to enhance the data reliability [15]. 

Table 3. Accelerated life test conditions. 

Temperature (°C) Number 

74 16 

86 8 

100 4 

5.1.2. Accelerated Life Test Model 

In order to find a suitable life distribution for the data measured during the 4300 h 

accelerated life test, ALTA S/W was used to compare the likelihood function values of the 

lognormal distribution, Weibull, and exponential distribution, as shown in Table 4. The 

comparison results of the likelihood function in three life distributions showed that the 

Lognormal distribution was the largest, which was found as the suitable life distribution. 

Figure 9 shows the graph of analyzing the failure value measured. Failure data under 

accelerated test conditions are closely arranged in a straight line. Furthermore, since the  

life distribution estimate lines are parallel, it can be predicted that the acceleration was 

established and the lognormal distribution was suitable [15]. 

Table 4. Fit results of life distribution. 

Distribution Likelihood 

Lognormal −33.40 

Weibull  −33.85 

Exponential −34.07 

 

Figure 9. Lognormal probability graph. 
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5.1.3. Life–Stress Relationship and Acceleration Factor 

For an optimal life distribution model, a lognormal distribution was suitable. The 

life–stress relationship of the accelerated life test by temperature is calculated using the 

Arrhenius relationship, as in Equation (6) [15]. 

ζ(T) = A ·exp [E/(kT)] (6)

From the life–stress relationship, the acceleration factor (A.F(T)) can be found as pre-

sented in Equation (7) [15]. 

A.F(T) = ζ(Ta)/ζ(Ts) = exp[(E/K)·(1/Ta-1/Ts)] (7)

where Ta refers to the life in the application condition and Ts refers to the life in the stress 

condition. 

The activation energy (Ea) was estimated to be 0.532 using ALTA software. The A.F(T)  

was calculated for each acceleration stress. The life–stress relationship at temperatures of 

74 °C, 86 °C, and 100 °C predicted that rapid failure would occur and the life was short-

ened as the temperature rose, as shown in Figure 10. 

 

Figure 10. Lifespan and stress graph. 

5.2. High Temperature Accelerated Life Test Result of Athermal AWG Module 

Table 5 summarizes the failure results that occurred under the conditions of the high 

temperature test for 4300 h in the accelerated life test. 

Table 5. Failure results after accelerated life test. 

Temperature (°C) Number 
Fail 

Quantity Time 

74 16 1 3150 h  

86 8 1 2430 h 

100 4 1 1250 h 

The samples were composed of 28 AAWGs (Flat 7, Gaussian 21) of 17-, 48-, and 96-

channels (50 and 150 GHz-spacing). Mainly, three failures were found in the Gaussian 

type only. After completing the accelerated life test, a representative 150 GHz sample was 

selected and the IL of the No. 1 channel was measured as shown in Figure 11. After the 

high-temperature accelerated life test for 4300 h, the I/L was −1.41 dB at 74 °C, –1.73 dB at 

86 °C, and –2.43 dB at 100 °C. The IL deviation was −0.01 dB at 74 °C, –0.06 dB at 86 °C, 

and –0.17 dB at 100 °C, which showed a larger IL deviation at high temperature. 
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In addition, the measurement results of the high-temperature accelerated life test for 

4300 h satisfied the standards of Telcordia-GR-1209, and the wavelength and characteris-

tics exhibited a stably reliable performance as shown in Figure 11. 
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Figure 11. Transmittance and IL deviation after high temperature accelerated life test: (a) Transmit-

tance for 1 channel at 74 °C; (b) Transmittance for 1 channel at 86 °C; (c) Transmittance for 1 channel 

at 100 °C; (d) IL for 1 channel at 74 °C, 86 °C, and 100 °C. 

The AAWG module in the accelerated life test with the high-temperature stress fol-

lowed a lognormal distribution. The prediction results showed that the activation energy 

was 0.532 eV, which was calculated using ALTA software, and its mean life was around 

3.65 × 105 (around 41.7 years) at an operating condition of 40 ℃. Thus, the prediction re-

sults proved that a life of 10 years or longer can be sufficiently guaranteed for the stability 

and long-term reliability of communication quality in optical communication systems. 

6. Conclusions 

The C.W. temperature dependence of the 17-channel (150 GHz-spacing) AAWG 

module, which was developed based on a new shape and our patent of a temperature 

compensation board of a metal structure, satisfied a range of ±0.04 nm in all channels be-

tween temperatures of −40 °C and 85 °C, with an IL deviation which was also less than 

±0.78 dB. In addition, the reliability test was conducted to validate the AAWG based on 

international testing standards, which are the testing standards for optical communication 

components; the results showed that the average C.W. temperature dependence satisfied 

a range of ±0.007 nm, and the average IL deviation was also less than ±0.2 dB. In the high-

temperature accelerated life test of the AWG module for the lifetime prediction, the pre-

dicted mean life was around 3.65 × 105 (around 41.7 years) at an operating condition of 40 
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°C. The developed AAWG module guarantees a life of 10 years or longer, with sufficient 

communication quality performance and reliability verification that can be used in com-

munication networks. 
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