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Abstract— Arrayed waveguide grating with reusable delay
lines (RDL-AWGs) with a resolving power of 28,000 is
experimentally demonstrated. The device is roughly 70 times more
compact than the traditional AWG, which reduces the phase
errors caused by uniformity and improves the performance of the
spectrometer.
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. INTRODUCTION

Astrophotonics is an emerging field that brings the
advantages of photonic integrated circuits (PICs) to astronomy
applications. The on-chip spectrographs are one of the various
applications that are compatible with mature CMOS processes
and have been widely studied. Among various implementations
of photonic spectrographs, both photonic echelle gratings
(PEGs) and arrayed waveguide gratings (AWGs) are well-
known technologies that have been demonstrated with good
performances in terms of throughput, spectral resolving power,
etc. AWGs have attracted more attention since they are
relatively simpler in design and easier in fabrication.

In a traditional AWG, the arrayed waveguides are
constructed to introduce a constant path difference between
adjacent waveguides[1], [2]. The longest waveguide in the
arrayed waveguides is at least A - R, where A is the operating
wavelength and R (A/AA) is the resolving power. As the
resolving power increases, the footprint of the traditional AWG
design increases monotonically, which leads to optical phase
errors that are generated by fabrication imperfections [3], [4].
These phase errors degrade the performance of the device by
reducing the resolving power, increasing insertion loss and
cross-talk [5]. Various approaches have been studied to reduce
the impact of phase-error issues, including footprint reduction
and active phase compensation [6]. The footprint reduction is
typically achieved by overlapping the two free propagation
regions (FPRs) or adding reflectors to the ends of the arrayed
waveguides. Either way could only reduce the footprint by a
maximum factor of 2. Incorporating a phase shifter into every
waveguide of the device would significantly increase the size,
weight, power consumption, and cost (Swap-C) of the device. It
also brings complexity to the chip fabrication and the testing of
the AWGs.

To break the limitation in achieving high resolving power,
an innovative AWG with reusable delay lines (RDL-AWG) is
designed with a much more compact footprint, see Fig. 1. While
traditional AWGs achieve the phase distribution using an ‘array

National Science Foundation under grant 1711377, the National Aeronautics
and Space Administration (NASA) under grant 16-APRA 16-0064, and a
NASA Hubble Fellowship HST-HF2-51478.001-A.

of waveguides' between the two FPRs, RDL-AWGs effectively
use only a 'single waveguide' and an array of embedded direction
couplers (DCs) to introduce accurate power and phase
distribution to illuminate the output FPR. In this paper, we
demonstrate a device with its footprint reduced roughly by a
factor of 70 (and potentially more). It eliminates the need for
making large AWGs and the associated step of actively
compensating the phase error.
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Fig. 1. (a) A schematic of the arrayed waveguide grating with reusable delay
lines (RDL-AWG). (b) Delay line coupling region and delay unit.

Il. DEVICE DESIGN

The design rules of the RDL-AWG and the embedded array
of DCs has been discussed in detail in [7], [8]. The optical path
length of delay line, and the coupling gap width and coupling
length of DC array is carefully optimized to match the desired
power and phase distributions. Especially in the coupling region,
identical coupling geometry, where the bend waveguides have
the same bending radius (Fig.1. (b)), is applied to ensure the
accuracy of power and phase implementation. Unlike the
traditional AWGs, the RDL-AWG architecture offers an easy
way to achieve non-standard power distribution (or
illumination) by simply optimizing each DC separately to
couple a precise fraction of power in the outgoing waveguide.



The delay line is treated as a separate design unit between
adjacent DCs and is described as the delay unit in Fig. 1. (b).
The delay unit is flexible in terms of the optical path length, and
has fixed locations of input and output ports, which makes the
RDL-AWG easy to scale to higher resolving power (with longer
delay units), to wider bandwidth and more output channels (with
larger number of DCs).

I1l. EXPERIMENTAL RESULTS

Based on the above discussion, we have designed,
fabricated, and characterized one RDL-AWG device. The
device is fabricated on an ultra-low loss SisN4/SiO- on a silicon
platform [9]. The structure used in this paper has layers of 10-
um thermal SiO, as the bottom cladding, 300-nm SisNg
deposited by low pressure chemical vapor deposition (LPCVD)
as the core layer, and 3-um SiO- deposited by plasma enhanced
chemical vapor deposition (PECVD) as the top cladding. The
thickness of the SisNa4 film is chosen to be 300 nm to allow a
minimum radius of curvature of 60 um while minimizing the
bending loss. The RDL-AWG design was patterned using a 100
keV Elionix ELS-G100 e-beam system. The etching process is
carefully calibrated to achieve the expected power and phase
distribution to the output FPR, since the performance of DCs is
highly sensitive to the etching depth and quality. The footprint
of the device is reduced roughly by a factor of 70 compared to
the traditional AWG with the same number of arrayed
waveguides and grating orders, and with the same thickness of
SizNa.

The experimental data are shown in Fig. 2. The measured
resolving power is 28,000 with a crosstalk of 16 dB, and a FSR
of 0.8 nm. The on-chip peak throughput is around -4.2 dB. With
the capability to fabricate the device in a compact area (0.9 x 2.9
mm?) and with ultra-low-loss waveguide (<0.02 dB/cm) [10],
we achieve a resolving power that is in good agreement with the
theoretical value, which is 30,000.
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Fig. 2. Experimental normalized transmission spectrum at the output
channels of the RDL-AWG.

The presented preliminary RDL-AWG has only 20 arrayed
waveguides and 8 output channels. The experimental results
prove that the concept to reuse the delay line to reduce the

footprint works well. The next step is to build an RDL-AWG
with a larger number of arrayed waveguides and output
channels, which means a higher FSR. With the concept of the
delay unit, it is easy to scale up the design.

The relative uneven transmission levels at different output
channels are due to the power distribution difference between
the simulated result and real device. A characterization of the
accurate power distribution will be performed to further improve
the performance.

IV. CONCLUSION

An innovative design of AWGs with reusable delay lines
(RDL-AWGS) is presented, which has several unique
advantages over traditional AWGs for achieving a high
resolving power. An array of directional couplers is optimized
to distribute the input signal from the delay line into the output
free propagation region. By making the AWGs more compact,
it significantly reduces the impact of fabrication imperfections
and uniformity issues which prevent traditional AWGs from
achieving ultra-high resolving powers. An RDL-AWG device
with measured resolving powers of 28,000 and an on-chip
throughput of -4.2 dB is demonstrated; it is roughly 70 times
more compact than the traditional AWG.

ACKNOWLEDGMENT

This work was supported by the National Science
Foundation under grant 1711377, the National Aeronautics and
Space Administration (NASA) under grant 16-APRA 16-0064,
and a NASA Hubble Fellowship HST-HF2-51478.001-A.

REFERENCES

[1] P. Gatkine, S. Veilleux, Y. Hu, J. Bland-Hawthorn, and M. Dagenais,
“Arrayed Waveguide Grating Spectrometers for Astronomical
Applications: New Results,” Opt. Express, vol. 25, no. 15, p. 17918, Jul.
2017.

[2] P. Gatkine, S. Veilleux, and M. Dagenais, ‘“Astrophotonic
Spectrographs,” Applied Sciences, vol. 9, no. 2, p. 290, Jan. 2019.

[3] T. Goh, S. Suzuki, and A. Sugita, “Estimation of waveguide phase error
in silica-based waveguides,” Journal of Lightwave Technology, vol. 15,
no. 11, pp. 2107-2113, Nov. 1997.

[4] T. Kamalakis, T. Sphicopoulos, and D. Syvridis, “An estimation of
performance degradation due to fabrication errors in AWGs,” Journal of
Lightwave Technology, vol. 20, no. 9, pp. 1779-1787, Sep. 2002.

[5] P. Gatkine et al., “Potential of commercial SIN MPW platforms for
developing mid/high-resolution integrated photonic spectrographs for
astronomy,” Appl. Opt., AO, vol. 60, no. 19, pp. D15-D32, Jul. 2021.

[6] M. Gehl, D. Trotter, A. Starbuck, A. Pomerene, A. L. Lentine, and C.
DeRose, “Active phase correction of high resolution silicon photonic
arrayed waveguide gratings,” Opt. Express, OE, vol. 25, no. 6, pp. 6320—
6334, Mar. 2017.

[7]1 Y. Zhang, P. Gatkine, J. Zhan, S. Veilleux, and M. Dagenais, “Arrayed
Waveguide Grating with Reusable Delay Lines (RDL-AWG) for High
Resolving Power, Highly Compact, Photonic Spectrographs,”
unpublished.

[8] Y. Zhang, J. Zhan, S. Veilleux, and M. Dagenais, “Arrayed Waveguide
Grating with Reusable Delay Lines (RDL-AWG) for High Resolving
Power, Highly Compact, Photonic Spectrographs,” presented at the IEEE
Photonics Conference (IPC), Nov. 2022.

[91 Y. Hu, Y. Zhang, P. Gatkine, J. Bland-Hawthorn, S. Veilleux, and M.
Dagenais, “Characterization of Low Loss Waveguides Using Bragg
Gratings,” IEEE Journal of Selected Topics in Quantum Electronics, vol.
24, no. 4, pp. 1-8, Jul. 2018.

[10] Y. Zhang,J. Zhan, S. Veilleux, and M. Dagenais, “Silicon Nitride Fabry-
Perot Bragg Grating Nanoresonator with Ultrahigh Intrinsic Q,” in 2022
Conference on Lasers and Electro-Optics (CLEO), May 2022, pp. 1-2.





