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Abstract: A 16-channel arrayed waveguide grating (AWG) with an 800 GHz channel spacing in the O-band has
been developed and fabricated based on silica planar lightwave circuit (PLC) technology. By extending the wave-
length allocation from 8 channels to 16 channels as specified in IEEE 802. 3bs, we increased the number of chan-
nels and boosted transmission capacity to meet the 1. 6 Tbps and higher-speed signal transmission requirements for
future data centers. Through optimizing the AWG structure, it has achieved insertion loss (IL) better than -1. 61
dB, loss uniformity below 0. 35 dB, polarization-dependent loss (PDL) below 0. 35 dB, adjacent channel cross-
talk under -20. 05 dB, ripple less than 0. 75 dB, center wavelength offset under 0. 22 nm and 1 dB bandwidth ex-
ceeding 2. 88 nm. The AWG has been successfully measured to transmit 53 Gbaud 4-level pulse amplitude modu-
lation (PAM4) signal per channel and the total transmission speed can reach over 1. 6 Tbps.

Key words: local area network wavelength division multiplexing (LWDM) , arrayed waveguide grating
(AWG), O-band, silica, planar lightwave circuit (PLC)
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Introduction

The surge in network-intensive activities such as
cloud computing, artificial intelligence, and live stream-
ing has led to a substantial increase in network data traf-
fic. This rapid growth in communication requirements
has driven advancements in high-speed optical network
technologies. Optical interconnects, recognized for their
high speed, large bandwidth, low latency, and reduced
power consumption, are increasingly substituting tradi-
tional electrical interconnects for extensive data transmis-
sion, exchange, and processing. Wavelength Division
Multiplexing (WDM) technology plays a crucial role in
optical interconnects by addressing the bandwidth chal-
lenges associated with growing communication traffic "',
Devices for wavelength multiplexing and demultiplexing,
which combine and separate multiple signals, are vital to
WDM technology. Among these devices, Arrayed Wave-
guide Gratings (AWGs) “*are widely utilized in optical
interconnects within data centers due to their small size,
large number of channels, high level of integration and
ease of mass production.

Silica-based AWG offers low insertion loss, low
crosstalk , high uniformity, low cost, and ease of integra-
tion ‘. Liu et al. * showcased the integration of a 4-
channel coarse Wavelength Division Multiplexing
(CWDM) AWG with Photodiodes (PDs) and Tran-
simpedance Amplifiers (TIAs) to develop a Receiver Op-
tical Sub-Assembly (ROSA) that supports the transmis-
sion of 4X25 Gbaud 4-level Pulse Amplitude Modulation
(PAM4) signals. Yun et al. """ presented a compact 4x
80 Gbps Transmitter-Receiver Optical Sub-Assembly
(TROSA) module, employing a 4-channel AWG as both
a multiplexer in the transmitter and a demultiplexer in
the receiver. Cui et al. """ described the integration of an
8-channel Local Area Network Wavelength Division
Multiplexing (LWDM ) AWG with PD arrays, TIA ar-
rays, and a flexible printed circuit (FPC) to create an
8%50 Gbps ROSA for use in data centers. Currently, sin-
gle-channel transmission speeds can reach up to 200 Gb-
ps " Increasing the number of wavelength channels
and enhancing the rates for single channels are key to
boosting transmission capacity, which is essential for the
development of advanced large-scale communication sys-
tems.

In this study, we designed and fabricated a 16-chan-
nel silica-based AWG featuring low transmission loss and
channel spacing of 800 GHz, suitable for large-scale
wavelength multiplexing and demultiplexing in the O-
band under LWDM. By analyzing the optical transmis-
sion principles of AWG, we performed simulations to
fine-tune the structural parameters of the AWG. We in-
troduced a periodically varying grating structure in the in-
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put waveguide to minimize Insertion Loss (IL) , improve
the uniformity of the transmission spectrum, and reduce
Polarization-Dependent Loss (PDL). Consequently, we
achieved an insertion loss better than -1. 61 dB, PDL un-
der 0. 35 dB, and loss uniformity below 0. 35 dB. Addi-
tionally, we transitioned the output waveguide from a sin-
gle-mode to a multimode design to achieve a more uni-
form output and flat-top spectrum. The 1 dB bandwidth
exceeds 2. 88 nm, adjacent channel crosstalk is below
-20.05 dB, and the center wavelength offset is under
0.22 nm. This AWG chip supports a single-channel
transmission rate of 100 Gbps, fulfilling the require-
ments for 1.6 Thps optical modules in data centers.
With ongoing improvements in single-channel rates, it is
anticipated to reach transmission rates of 3.2 Thps and
above in the future ',

1 Design and fabrication

Figure 1 shows the schematic diagram of the AWG
structure, which consists of input waveguides, an input
slab waveguide, arrayed waveguides, an output slab
waveguide, and output waveguides. The input and out-
put slab waveguides are configured in a Rowland circle
arrangement. As a demultiplexer, optical signals with
multiple wavelengths are introduced into the slab wave-
guide via input waveguides separated by Ax;, where they
experience diffraction. After passing through the arrayed
waveguide region with a spacing of d, the signals are sep-
arated and enter the output waveguides spaced by Ax,,
completing the wavelength demultiplexing process. The
AWG's output wavelength specifications are designed ac-
cording to the IEEE 802. 3bs standard, which specifies
that the channel spacing for an 8-channel AWG should
be 800 GHz. Based on this standard, we extended the
AWG to have 16 output channels, with output wave-
lengthsrangingfrom 1269. 23nmto 1337. 17nm, effective-
ly covering the O-band communication range. The output
wavelengths forthe 16 channels are as follows: 1269. 23 nm,
1273.54nm, 1277.89 nm, 1282.26 nm, 1286. 66 nm,
1291. 10 nm, 1295. 56 nm, 1 300. 05 nm, 1 304. 58 nm,
1309. 14 nm, 1313.73 nm, 1318. 35 nm, 1323. 00 nm,
1327.69 nm, 1332.41 nm, and 1 337. 17 nm. This ex-
pansion significantly increases transmission capacity.

The AWG is constructed on a silica-based plat-
form, which provides low loss, low cost, compatibility
with single-mode fibers, excellent thermal stability,
and polarization insensitivity. In order to reduce the
size of the AWG chip, the silica material system based
on ultra-high refractive index difference of 2% chosen
to build the waveguide structure. The refractive index
of upper, lower cladding layer and core layer is 1. 447,
1.447, and 1.477, respectively, and the height of
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Fig. 1 The schematic structure of the AWG
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core layer is 4 pm. Simulations are performed to investi-
gate how the effective refractive index of the waveguide
core layer varies with waveguide width, using two wave-
lengths—1 260 nm and 1 360 nm—to cover the O-band
range. The results of these simulations, shown in Fig.
2, indicate that for single-mode operation, the wave-
guide width must be kept below 4 pm. As a result, the
input waveguide width is set to 4 pm.
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Fig. 2 Variation of mode effective refractive index with wave-
guide width
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The transmission of light from the input Rowland cir-
cle to the output waveguide in the AWG satisfies the grat-
ing equation :

n,dsin @, + n.dsinf, + n,AL = mA . (D)

When light is transmitted from the central input
waveguide to the central output waveguide, the input an-
gle 6, and output angle 0, are zero, Eq. (1) can be sim-
plified to Eq. (2):

n AL = mA, , (2)
-1
A)\:Ax(’n&d(né') , (3)
R m \n,
-1
FSRz)“’("g) . @)
m\n,

In the equation, 6, represents the angle between the
central waveguide and the output waveguide, while n,
and n, denote the effective refractive indices of the slab
waveguide and the arrayed waveguide, respectively. The

variable d stands for the distance between adjacent ar-
rayed waveguides, AL indicates the length difference be-
tween these waveguides, and m denotes the diffraction or-
der. The symbol A represents the wavelength of the in-
coming light, A, is the central wavelength, Ax, refers to
the spacing between adjacent output waveguides, n, is
the group index, and R signifies the radius of the rowland
circle. In order to obtain lower insertion loss and less
crosstalk in the spectra of neighboring diffraction levels,
and to ensure that the device size is appropriate, the FSR
is chosen to be 127. 86 nm, and then according to Egs.
(2) and (4), we can obtain that the AL is 8. 936 nm and
mis 10.

Simulation by the three-dimensional beam propaga-
tion method (3D-BPM) determines how the coupling loss
varies with the spacing between single-mode wave-
guides, each extending 3 000 pm in parallel. Figure 3 il-
lustrates that strong optical coupling occurs between the
waveguides when the spacing is set to 6 wm. As the spac-
ing increases to 8 um, the optical power coupled into the
adjacent waveguides decreases significantly. To ensure
low coupling power while reducing the size of the chip, a
final choice of 7 pm is made for input waveguide spacing
(Ax, ) and arrayed waveguide spacing(d).

The optical field of an individual arrayed waveguide
displays a Gaussian profile "', Additionally, to collect
diffracted light as much as possible and reduce transmis-
sion loss caused by mode mismatch at the junction be-
tween the slab waveguide and the arrayed waveguide, a
tapered waveguide structure is introduced. The parabolic
tapered structure is considered a better choice for reduc-
ing crosstalk and ensuring efficient mode conversion .
The parabolic tapered waveguide structure and transmis-
sion field are shown in Fig. 4. To minimize transmission
loss, the waveguide width is gradually increased from 4
pm to 6 pm over a length of 50 wm using a parabolic-
shaped variation. Additionally, to avoid additional cross-
talk and ensure dense arrangement of arrayed wave-
guides, a 1- pm gap is left between adjacent arrayed
waveguides.

To achieve a flattened spectrum at the output end,
we widened the output waveguide to a multimode wave-
guide. When light is focused and coupled into the output
waveguide through the output slab, higher-order modes
are excited. The interference of multiple modes results in
a flattened spectral output. The simulated spectra with
different output waveguide widths are shown in Fig. 5
(a), and it can be noticed that the flatness of the spectra
improves as the output waveguide width increases. Con-
sidering both the AWG size and spectral flatness, we se-
lected an output waveguide width of 11 pm. Table 1 lists
the 1 dB bandwidth of the output spectrum for different
output waveguide widths.

Additionally, simulation is performed to assess the
influence of multimode waveguide spacing on crosstalk
between adjacent waveguides, as depicted in Fig. 5(b).
It is evident that when the multimode waveguide spacing
is 14 pm, minimal coupling occurs between adjacent
waveguides. Therefore, the spacing for the output wave-
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Fig. 3 (a) Simulated mode field propagation at 6 um spacing;

(b) Simulated mode field propagation at 8 pm spacing
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guides is ultimately chosen as 14 pm.

In determining the other parameters, the wave-
length spacing between adjacent channels is approximat-
ed to be 4. 56 nm, but the channels are divided by equal
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Fig. 5 (a)Spectra corresponding to different output waveguide
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Table 1 The simulated 1 dB bandwidth at different out-
put waveguide widths

#1 FEMHESEE THEMN L dBEE

Width/pm 1 dB bandwidth/nm
4 0.56
7 1.96
9 2.69
11 3.29
13 3.94

frequency intervals, and the corresponding wavelength
intervals are inconsistent, so in order to ensure that the
channels are all spaced at 800 GHz, the center wave-
length needs to be realigned. According to Eq. (3)
when other parameters are fixed, AA is directly propor-
tional to the spacing between output waveguides Ax,.

Therefore, the ratio remains constant. Hence, it is

Ax,
essential to adjust Ax, according to the actual wavelength
spacing between adjacent channels to achieve precise

alignment of the center wavelengths for each output chan-

nel. The corrected output waveguide spacing 6x can be

Yo
- 6A. At th
AN t the

determined using the relationship ox =
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outset of the design, the wavelength spacing correspond-
ing to a channel spacing of 14 pm is 4. 56 nm. The cor-
rected output waveguide spacing 6xis listed in Table 2

Fig. 6 illustrates the configuration of a 16-channel silica-

based AWG with an output pitch of 250 pm.

Table 2 Corrected output waveguide spacing

K2 (EIERMEH K SERE

Adjacent channels SA/nm Sx/nm
1-2 4.31 13.88
2-3 4.34 13.98
3-4 4.37 14.07
4-5 4.40 14.17
5-6 4.43 14.27
6-7 4.46 14.37
7-8 4.49 14. 47
8-9 4.53 14.57

9-10 4.56 14. 67
10-11 4.59 14.77
11-12 4.62 14. 87
12-13 4.65 14.98
13-14 4.69 15.09
14-15 4.72 15.19
15-16 4.75 15.30

Fig. 6 The schematic of 16-channel AWG
El6 1631 AWG 1R R = E

2 Fabrication, measurements and dis-
cussions

The AWG is manufactured on a 6 inch quartz sub-
strate wafer, bypassing the traditional method of thermal-
ly oxidizing a 15-pm thick SiO, lower-cladding layer on a
silicon substrate. The fabrication process, depicted in
Fig. 7, involves directly depositing approximately 4 pm
of Ge0,-Si0, core layer onto a quartz-based SiO, sub-
strate using Plasma Enhanced Chemical Vapor Deposi-
tion (PECVD). By adjusting the germanium doping lev-
els, we achieve a high refractive index difference of 2 %
between the core and cladding layers. A 1 pwm thick poly-
silicon layer is then applied as a hard mask using Low
Pressure Chemical Vapor Deposition (LPCVD). The
Si0, waveguides are formed by photolithography and In-
ductively Coupled Plasma (ICP) dry etching. Subse-
quently, Boro-Phospho-Silicate Glass (BPSG) is deposit-
ed as the upper cladding, employing PECVD technique.

Then, the wafer is sliced to chips. To reduce back reflec-
tion losses from end-face mirror reflections, the wave-
guide end faces are polished at an 8° angle. Finally, the
input and output waveguides of the AWG chip are cou-
pled with Fiber Arrays (FA) for testing. The completed
AWG is shown in Fig. 8.

e - -

Quartz Substrate Core Layer Growth Hard Mask (,ro“th

mim - min -

Photolithography and Spin-coated Photoresist
Hard Mask Etching

Remm al of Photoresist

—»‘ ‘—»

Core Layer Etching Removal of Hard Mask

Upper Cladding Growth

l:l SiO2 - Ge02-Si02 l:’ Photoresist - Polysilicon D BPSG

Fig. 7 The schematic diagram of the 16-channel AWG fabrica-
tion process
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Utilizing the experimental setup shown in Fig. 9
(a) , we perform spectral testing on the AWG. An O-
band tunable laser serves as the input source and a polar-
ization controller is used to adjust the light’s polarization
state. Following this adjustment, an optical power meter
is employed to accurately measure and record the optical
power output from each channel over the entire spectral
range. The measured spectral response is depicted in
Fig. 9(b).

Fig. 10(a) shows the insertion loss. The insertion
loss (IL) for each channel at standard wavelengths rang-
es between -1. 26 dB and -1. 61 dB, loss uniformity is be-
low 0. 35 dB, indicating good uniformity. Fig. 10(b) de-
picts the polarization-dependent loss for each channel.
The Polarization-Dependent Loss (PDL) stays below
0.35 dB near the center wavelength of each channel,
showing low sensitivity to polarization. Fig. 10 (c) de-
picts the crosstalk of each channel. The adjacent cross-
talk (AX), non-adjacent crosstalk (NX) and total cross-
talk (TX) are more than 20.05 dB, 23.37 dB and
12. 58 dB, respectively. The crosstalk can be further
optimized by increasing the number of array waveguides,
achieving effective wavelength separation. Fig. 10 (d)
depicts the ripple for each channel. The worst ripple of
all channels is less than 0. 75 dB. Fig. 10(e) shows the
offset between the center wavelength and standard wave-
length, the largest center wavelength offset being 0.22
nm for any output channel. Fig. 10(f) shows bandwidth
characteristics of the AWG. For all channels, the 1 dB
bandwidth is greater than 2. 88 nm, and the minimum
3 dB bandwidth is 3. 52 nm, demonstrating a flat spec-
tral distribution. The smaller ripple and larger bandwidth
guarantee the data transmission performance of 53.125

Gbaud.
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(a)
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Fig. 8 (a) The photograph of the manufactured AWG chip; (b)
the microscope image of the manufactured AWG chip, and (c) the
photograph of the packaged 16-channel AWG module
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We conduct eye diagram testing on all channels of
the AWG for PAM-4 signals. We use an arbitrary wave-
form generator to generate a 53. 125 Gbaud PAM4 sig-
nal, which is modulated through an electro-optical modu-
lator onto the optical signal emitted from the tunable la-
ser. The optical signal is then input to the AWG and an
oscilloscope is used to capture an eye diagram of the out-
put optical signal from all channels of the AWG. The eye
diagrams at standard wavelengths obtained from the test
are shown in Fig. 11. We can observe clear eye dia-
grams, which show that AWG can achieve a total signal
rate of 1. 6 Thps, and is expected to achieve even higher
rates if we continue to increase the transmission rate of a
single channel.

3 Conclusion

We have successfully designed and fabricated an O-
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Fig. 9 (a) The experimental setup for testing spectral response;
(b) The measured spectral response
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the measured 53.125 GBaud PAM4 optical eye diagrams for all
channels

11 (a) PR 13 f9 52 36 2% 5 P (b) 7 A 38 38 /Y 53.125 GBaud
PAM4 SEHR ) 45 50

band 16-channel AWG with 800 GHz channel spacing
based on an ultra-high refractive index difference of 2%
silica PLC platform. The transitions between the arrayed
waveguides and the slab waveguides are designed as ta-
pered structures, optimizing the insertion loss to be un-
der -1. 61 dB, loss uniformity below 0. 35 dB. The out-
put waveguides are widened into multimode waveguides
to improve the flatness of the output spectrum, resulting
in a 1 dB bandwidth greater than 2. 88 nm and maintain-
ing crosstalk below -20. 05 dB. At the same time, PDL
is below 0. 35 dB, the center wavelength offset is under
0.22 nm, and the ripple is less than 0. 75 dB. We fur-
ther validate that the AWG is capable of transmitting
53. 125 GBaud PAM4 signal per channel, making it suit-
able for use in 1. 6 T data center networks. This design
provides low insertion loss, low crosstalk, polarization
insensitivity and high uniformity, making it highly suit-
able for optical modules in data centers, enabling signal

transmission rates of 1. 6 Thps and above.
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