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Abstract: To provide a solution to the issue of the non-flat focal surface in traditional Rowland9

AWGs, we have designed and implemented a Si3N4 three-stigmatic-point arrayed waveguide10

grating (TSP AWG) with a spectral resolving power over 17,000. The flat focal surface of this11

AWG can accommodate a butt-coupled detector array positioned at the output facet without any12

reduction of the resolving power of the edge channels. Therefore, it is particularly advantageous to13

some astronomical applications which require an AWG as a light-dispersing component to obtain14

a complete 2D spectrum. In addition, because the device is implemented on a high-index-contrast15

platform (Si3N4/SiO2), a compact dimension of ∼ 9.3 × 9.3 mm2 is achieved.16

© 2022 Optica Publishing Group under the terms of the Optica Publishing Group Publishing Agreement17

1. Introduction18

The novel field of astrophotonics refers to the application of versatile photonic technologies19

to manipulate guided light collected from telescopes to achieve scientific goals in astronomy20

[1, 2]. It is widely believed to be a promising approach for solving some major challenges in21

observational astronomy, one of which is the miniaturization of the next-generation astronomical22

instrumentation [3]. Astronomers are building larger and larger telescopes, and in fact the next23

decade will mark the deployment of extremely-large telescopes (ELTs) with diameters (𝐷) over24

30 m [4]. As the size and cost of the associated conventional optical setups grow as 𝐷2 - 𝐷3, it25

will become much more challenging to maintain the stability of these giant optical systems. The26

key idea of astrophotonics is to collapse the bulk optics into 2D photonic integrated circuits to27

leverage the low-cost, compact, and robust nature of the integrated photonic platform [5–7].28

One of the major scientific goals of the ELTs is to study the galaxies in the first billion years of29

the universe, which requires deep observations of faint sources and extract spectral information30

from the collected light. For this purpose, an integrated photonic spectrograph (IPS) has been31

proposed [8], which includes an arrayed waveguide grating (AWG) as the light-dispersing32

component. AWGs are widely used in modern telecommunication systems as multiplexers and33

signal routers [9]. As their main functionality is to spatially separate different wavelengths, they34

are well-suited for spectroscopic applications. The very first on-sky testing with an IPS obtained35

a spectrum of a type-S star which clearly captured the carbon monoxide molecular absorption36

features in the H band [10], and successfully demonstrated the possibility of obtaining meaningful37

astronomical spectra with an AWG.38

However, each output channel of an AWG contains periodic pass frequencies from different39

spectral orders, spaced by the free spectral range (FSR). For astrophotonic spectroscopy ap-40

plications, a complete spectrum is required and therefore, the overlapping spectral orders in41

each channel need to be separated by a secondary dispersion setup [11,12]. A free space cross42

disperser (e.g. a prism) is often employed to disperse the light in the perpendicular direction, and43

it is necessary to have the chip cleaved along the output focal plane of the AWG. However, this44
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imposes a challenge on the traditional Rowland AWGs in which the focal surface is a circle. If the45

chip is cleaved along the tangent of the Rowland circle [Fig. 1(a)], the offset between the focal46

point and the cleaved facet will give rise to defocus aberrations for all channels except for the47

central one [Fig. 1(b)]. Thus, a flat focal plane is desired to minimize these defocus aberrations.48
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Fig. 1. (a) Mismatch between the circular focal plane and the straight cleaving line. (b)
Defocus aberration induced by cleaving. The AWG with a rectangle output star coupler
is referred to as a flat-Rowland AWG.

One solution is to incorporate a field-flattening lens on top of the output star coupler [13],49

which images the circular focal field into a flat one. However, this extra lens layer adds to the50

fabrication complexity significantly. Here we present a design and implementation of a Si3N451

three-stigmatic-point AWG (TSP AWG) based on the aberration theory proposed in [14, 15].52

Different channels of a TSP AWG will inherently be focused onto a flat surface, and there is53

no reduction of the resolving power for the edge channels when the device is cleaved along the54

focal surface. The measured transmission spectrum of an implemented device shows a spectral55

resolving power of over 17,000. Note that when our TSP AWG was under development, A. Stoll56

et al. published their results of a similar device on a silica-on-silicon material platform [16]. In57

this work, however, not only will we work on a different material platform with a much larger58

index contrast (Si3N4/SiO2), but we will also provide more details on the design and simulation59

processes of the TSP AWG. In addition, we will demonstrate the results of a few-input TSP AWG60

which is needed for our future work on the integrated spectrograph topic.61

2. Theory and Design62

2.1. Brief summary of the aberration theory63

A detailed description of the aberration theory is given in [14], and here we provide only a brief64

summary. Fig. 2 is a schematic illustration of an AWG, and its structure can be determined by65

three functions of 𝑤 (which corresponds to the 𝑌 coordinate in Fig. 2) : (1) the shape of the66

grating curve 𝑢(𝑤), (2) the length of the array waveguides 𝐿 (𝑤), and (3) the distribution of the67

array waveguides along the grating curve 𝐺 (𝑤). An optical path function (OPF) is defined to68

calculate the total path length from the input to one of the output channels:69

𝐹 (𝑤) = 𝑛𝑠 [𝑟𝐴(𝑤) + 𝑟𝐵 (𝑤)] + 𝑛𝑤𝐿 (𝑤) − 𝐺 (𝑤)𝑚𝜆 (1)

where 𝑛𝑠 and 𝑛𝑤 are the effective indices of the star coupler and the array waveguide, 𝑚 is the70

spectral order, 𝑟𝐴(𝑤) [𝑟𝐵 (𝑤)] is the geometric length between the input (output) channel and71

one of the array waveguides which includes the grating curve function 𝑢(𝑤). Note that 𝐺 (𝑤)72

does not exist in real optical paths, but it is added such that the OPF is a constant for different73

values of 𝑤 in an aberration-free system.74
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Fig. 2. Schematic illustration of an AWG consisting of I/O waveguides, input and
output star couplers (FPRs) and an array of waveguides of different lengths.

The OPF can also be expanded into a Taylor series75

𝐹 (𝑤) = 𝐹 (0) + 𝐹 ′(0)𝑤 + 1
2
𝐹 ′′(0)𝑤2 + · · · + 1

𝑛!
𝐹 (𝑛) (0)𝑤𝑛 + · · · (2)

where76

𝐹 (𝑛) (0) = 𝑛𝑠

[
𝑟
(𝑛)
𝐴

(0) + 𝑟
(𝑛)
𝐵

(0)
]
+ 𝑛𝑤𝐿

(𝑛) (0) − 𝐺 (𝑛) (0)𝑚𝜆 (3)

is the 𝑛𝑡ℎ aberration coefficient. 𝐹 (2) (0), 𝐹 (3) (0) and 𝐹 (4) (0) correspond to the defocus, coma77

and spherical aberrations, respectively.78

The key idea to flatten the circular focal surface of a Rowland AWG is to pick a series of79

collinear “stigmatic" points to define the flat focal surface. The fact that three functions can80

determine the structure of an AWG dictates that only three points 𝑆𝑖 (𝑖 = 1, 2, 3) can be included.81

By definition, all aberration coefficients vanish at these stigmatic points. Therefore, with Eq. (3)82

and the pre-chosen coordinates (𝑥𝑖 , 𝑦𝑖) and wavelengths (𝜆𝑖) of the stigmatic points, we have83

𝑛𝑠

[
𝑟
(𝑛)
𝐴

(0) + 𝑟
(𝑛)
𝑖

(0)
]
+ 𝑛𝑤𝐿

(𝑛) (0) − 𝐺 (𝑛) (0)𝑚𝜆𝑖 = 0 (4)

Eq. (4) can be solved in an iterative manner to extract the Taylor coefficients 𝑢 (𝑛) (0), 𝐿 (𝑛) (0),84

and 𝐺 (𝑛) (0), and then the structure of the TSP AWG can be determined.85

2.2. Design of a low resolving power TSP AWG86

As a proof-of-concept demonstration, we started with a TSP AWG of parameters listed in Table87

1, targeting a low resolving power. The spectral resolving power, which is defined by R = 𝜆/Δ𝜆,88

is an important figure of merit to look for in the transmission spectrum of an AWG.89

First, the coordinates of the three stigmatic points are selected as (𝑅𝑜, 3𝑑𝑖𝑜), (𝑅𝑜, 0), and90

(𝑅𝑜,−3𝑑𝑖𝑜), corresponding to channel 3, 6 and 9, where 𝑅𝑜 is the star coupler radius of the91

Rowland AWG with the same parameters as in Table 1. The value of 𝑅𝑜 is extracted from92

our simulation software RSoft Photonics Suite. The wavelengths associated with these three93

stigmatic points are 1.541 𝜇m, 1.55 𝜇m, and 1.559 𝜇m, respectively.94

Next, 𝑢(𝑤), 𝐿 (𝑤), and 𝐺 (𝑤) are determined from Eq. (4). The calculated grating curve 𝑢(𝑤)95

and the extra length of the array waveguides 𝐿𝑒𝑥 (𝑤) are plotted in Fig. 3(a) and (b), respectively.96



Table 1. List of parameters of the proof-of-concept design.

Parameter Explanation Value

𝑁𝑖𝑛 Number of input channels 1

𝑁 Number of output channels 11

𝑀 Number of array waveguides 35

𝜆𝑐 Center wavelength 1.55 𝜇m

Δ𝜆 Wavelength spacing 3 nm

𝑤 Array waveguide width 2 𝜇m

𝑑𝑎𝑟 Array waveguide spacing 6 𝜇m

𝑑𝑖𝑜 I/O waveguide spacing 6 𝜇m

R Resolving Power ∼ 960

In Fig. 3(a), the calculated grating curve of the TSP AWG is shown by the blue dots, and the97

red curve is the corresponding Rowland circle. 𝐿𝑒𝑥 (𝑤) is calculated by subtracting the length98

of the Rowland AWG array waveguides from the calculated total length of the TSP AWG array99

waveguides. Comparing with Rowland AWGs, we notice three major structural differences100

for a TSP AWG: (1) The grating curve is no longer a circle and it is defined by a polynomial101

function instead. (2) The length difference between adjacent waveguides in the array is no longer102

a constant, and an extra length is present. (3) The array waveguides are no longer uniformly103

distributed along the grating curve.104
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Fig. 3. (a) Calculated grating curve 𝑢(𝑤) of the designed TSP AWG (blue dotted),
compared to the Rowland circle (red solid). (b) Extra length of the array waveguides of
the designed TSP AWG.

Finally, the layout design of the TSP AWG must be completed, and the extra length term105

𝐿𝑒𝑥 (𝑤) needs to be incorporated into the array waveguides. As for Rowland AWGs, it is well106

known that the length difference Δ𝐿 between adjacent waveguides is given by Δ𝐿 = 𝑚𝜆𝑐/𝑛𝑤 .107

Each array waveguide comprises three segments: one straight waveguide of length 𝑧𝐿𝑖 , one arc108

of radius 𝑧𝑅𝑖 and angle 2𝜃𝑖 (in degree), and another straight waveguide identical with the first109

one, as depicted in Fig. 4(a). Half of the spacing between the two star couplers is denoted by 𝐿𝑔,110

which determines the minimum bending radius in the array waveguides. 𝑅𝑒𝑛𝑑 is the distance111

from the input waveguide to the starting point of one of the array waveguides. In the case of a112

Rowland AWG, it is a constant equal to the radius of the Rowland circle.113



Since the length difference between adjacent waveguides is equal to Δ𝐿, the following system114

of equations can be derived:115

𝑧𝑅𝑖 sin 𝜃𝑖 + (𝑅𝑒𝑛𝑑 + 𝑧𝐿𝑖) cos 𝜃𝑖 = 𝐿𝑔

𝑧𝑅𝑖𝑃𝜃𝑖 − 𝑧𝑅1𝑃𝜃1 + 𝑧𝐿𝑖 − 𝑧𝐿1 = 𝑖−1
2 Δ𝐿

(5)

where 𝑃 = 𝜋/180. Given the values of Δ𝐿 and 𝐿𝑔, Eq. (5) can be solved to obtain 𝑧𝐿𝑖 and 𝑧𝑅𝑖 ,116

and the layout of the array waveguides is determined.117
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Fig. 4. (a) Array waveguide layout and key parameters in Rowland AWGs. (b) Extending
the straight segment to account for the extra length in each array waveguide in TSP
AWGs.

As for TSP AWGs, there are two main differences: (1) 𝑅𝑒𝑛𝑑 is no longer a constant for different118

channels, since the star coupler is no longer defined by an arc. (2) There is an extra length119

𝐿𝑒𝑥,𝑖 associated with each array waveguide. For (1), 𝑅𝑒𝑛𝑑 of each channel can be numerically120

calculated (denoted by 𝑟𝐴𝑟𝑖), once the grating curve function 𝑢(𝑤) is obtained. Fig. 4(b)121

demonstrates how the extra length is incorporated in the layout - via the extension of the straight122

section with an amount of Δ𝑙𝑖 . From some basic geometry, the following system of equations123

can be derived:124

𝐿𝑖 = 2(𝑟𝐴𝑟𝑖 + 𝑧𝐿𝑖 + 𝑧𝑅𝑖𝑃𝜃𝑖)

𝐿 ′
𝑖
= 2(𝑟𝐴𝑟𝑖 + 𝑧𝐿𝑖 + Δ𝑙𝑖 + 𝑧𝑅′

𝑖
𝑃𝜃𝑖)

𝑧𝑅′
𝑖
= 𝑧𝑅𝑖 − Δ𝑙𝑖/tan 𝜃𝑖

𝐿 ′
𝑖
− 𝐿𝑖 = 𝐿𝑒𝑥,𝑖

(6)

where 𝐿𝑖 and 𝐿 ′
𝑖

are the lengths of the array waveguide before and after the extension of the125

straight segment, respectively, and the difference between the two is equal to the extra length 𝐿𝑒𝑥,𝑖 .126

Solving for Δ𝑙𝑖 and 𝑧𝑅′
𝑖
, the layout of the array waveguides for TSP AWGs can be determined.127

3. Simulation and experimental results128

3.1. Device simulation129

A direct modeling of the TSP AWG in RSoft is difficult, as the built-in AWG simulation utility130

supports only the Rowland structures. The general simulation flow in RSoft is: First, a BPM131

(Beam-Propagation Method) simulation is performed on the input star coupler, to obtain the132

power and initial phase distribution of the array waveguides. Next, the phase is evolved based on133

the length of the array waveguides. Then the power and updated phase are combined into an134

electric field profile, which will be injected into the output star coupler. Finally the emerging135

optical power from the output waveguides are recorded and a complete spectrum can be obtained136

by repeating the above steps for all wavelengths.137



With the same idea in mind, we have developed the following simulation flow for TSP AWGs:138

(1) In RSoft, modify the geometry of the input star coupler based on the calculated grating curve139

𝑢(𝑤), and perform BPM simulation to obtain inital power and phase information. (2) Modify the140

output star coupler similarly, and add launch fields for each array waveguide. Optical modes will141

be launched into the output star coupler via these launch fields, and the output power from each142

channel will be monitored. (3) Use a custom-developed routine to calculate the phase based on143

the length of the array waveguides and create launch field data files for each wavelength. The144

entire simulation process is also controlled by this routine.145

The simulated transmission spectra of the designed TSP AWG with parameters listed in Table146

1 and the corresponding Rowland AWG are plotted in Fig. 5(a) and (c), respectively. Fig. 5(b)147

and (d) are the calculated resolving powers of the two AWGs with error bars included. The148

uncertainty comes from the inaccuracy in the measured 3-dB width of each channel because of149

the chosen wavelength step during spectrum simulation, as a compromise for reduced simulation150

time. Since 𝑁 discrete waveguides are placed on the output focal surface to guide the 𝑁 output151

channels, theoretically a well-designed TSP AWG should demonstrate a similar spectral resolving152

power compared to the corresponding Rowland AWG. And this is indeed the case comparing Fig.153

5(b) and 5(d), which implies that the circular focal surface has been flattened in the TSP AWG.154
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Fig. 5. (a) Simulated transmission spectra and (b) resolving power of the designed TSP
AWG. (c) Simulated transmission spectra and (d) resolving power of the corresponding
Rowland AWG, with error bars included.

3.2. Device fabrication and characterization155

To better compare the device performances, both the designed TSP AWG and the corresponding156

Rowland AWG are fabricated with the following procedures. First, a thin layer (100 nm) of157

stoichiometric Si3N4 is deposited via low-pressure chemical vapor deposition (LPCVD) on158

a silicon wafer with 10-µm thermal SiO2 on top. Device patterning is performed by e-beam159

lithography followed by a developing process to remove the exposed resist. Next, chromium (∼160



20 nm) is deposited as a hard mask, and then the patterns are transferred into the Si3N4 layer by161

a CHF3/O2-based plasma etching process. After the removal of the Cr hard mask, a top SiO2162

cladding layer is deposited via plasma-enhanced chemical vapor deposition (PECVD). Optical163

microscope images of the fabricated Rowland and TSP AWGs are shown in Fig. 6, in which the164

structural differences between the two star couplers are clearly demonstrated: the grating curve165

of the TSP AWG has a larger curvature, and the focal surface is flat.166
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Rowland TSP

Fig. 6. Optical microscope images of the output star couplers of (a) the Rowland AWG
and (b) the TSP AWG. The light enters from the array waveguides at the top, and exits
from the output channel waveguides at the bottom.
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Fig. 7. (a) Measured transmission spectra and (b) calculated resolving power of the
designed TSP AWG. (c) Measured transmission spectra and (d) calculated resolving
power of the corresponding Rowland AWG, with error bars included.

The measured transmission spectra of the fabricated AWGs and the corresponding spectral167

resolving power are plotted in Fig. 7. Note that the error bars are much less than those in Fig.168

6, since the wavelength sweep was performed with a finer resolution. For both AWGs, a good169



agreement between the experimental and simulation results is achieved. The throughput of the170

fabricated devices is ∼ -1.5 dB for the center channel, the side lobes are more than 25 dB down,171

and the resolving power is similar to that in the simulation.172

4. Demonstration of a TSP AWG with a large resolving power173

For practical applications such as astronomical spectroscopy, TSP AWGs with larger resolving174

powers must be implemented. As the above proof-of-concept design works as expected, the same175

structure and layout design procedures can be applied. We have designed another TSP AWG176

with parameters listed in Table 2. Other parameters not listed are the same as in Table 1. The177

dimension this designed TSP AWG is ∼ 9.3 × 9.3 mm2, excluding the I/O waveguides.178

Table 2. List of parameters of the other two TSP AWGs with higher resolving powers.

Parameter 𝑁𝑖𝑛 𝑁 𝑀 Δ𝜆 (nm) R

Value 3 101 201 0.15 ∼ 17,000

In this case, more than one input channels are included, which is to accommodate multiple179

single-mode fibers coming into the AWG. This is a nice-to-have feature for the integrated180

spectrograph application, in which the light at the telescope focal plane is first coupled into181

a multi-mode fiber, then a so-called “photonic lantern” device [17] adiabatically converts the182

multi-mode core into several single-mode cores. The complete layout of this design and optical183

microscope images of the fabricated device are provided in the supplemental document.184

Fig. 8 shows the measurement results of the fabricated device. (a), (c), and (e) correspond to185

the transmission spectra measured with the center input channel and the two edge input channels,186

respectively. Note that for clarity, only 21 output channels (1 in 5) are plotted in the spectra.187

However, the resolving power plots (b), (d), and (f) have all output channels included. The188

complete transmission spectra for all three input channels are provided in the supplemental189

document. From Fig. 8, it is shown that the throughput of the fabricated device is ∼ -2 dB for the190

center channel, the side lobes are ∼ 15 dB down, and the noise floor is slightly higher than the191

results in Fig. 7. To calculate the resolving power of each channel, the 3-dB width is extracted192

by finding the two adjacent data points on each side of the peak, and then performing a linear193

interpolation. A resolving power of over 17,000 is achieved for all three input channels.194

5. Conclusion and Outlook195

We have presented the design and implementation of a Si3N4 three-stigmatic-point AWG, with a196

detailed discussion of the layout design and simulation method. A spectral resolving power of197

over 17,000 has been achieved experimentally. Thanks to the flat focal surface of the TSP AWG,198

the defocus aberration of the edge channels is minimized, thus improving the resolving power at199

the same time. This design provides a solution for a flat-focal-field spectrometer, fulfilling the200

requirement of an integrated astronomical spectrograph in which the chip needs to be cleaved201

along the output focal surface to accommodate a linear detector array.202

As we have mentioned in the last section, a “few-input” AWG is desired in astronomical203

spectroscopy applications to interface with a photonic lantern. Another important consideration204

is the polarization diversity, as light collected from the universe is unpolarized in nature. It will205

be highly advantageous if the integrated photonic spectrograph can handle both polarizations,206

when the number of available photons are already quite limited. A polarization-independent207

Rowland AWG has been demonstrated by having two inputs for the two polarizations [18]. For208

TSP AWGs, a possible solution for including polarization diversity is to first separate the two209

dage
Sticky Note
the dimension of this designed...



1545 1547 1549 1551 1553 1555 1557 1559
Wavelength (nm)

-40
-35
-30
-25
-20
-15
-10

-5

Tr
an

sm
is

si
on

 (d
B)

Center input channel

1545 1547 1549 1551 1553 1555 1557 1559
Wavelength (nm)

-40
-35
-30
-25
-20
-15
-10

-5

Tr
an

sm
is

si
on

 (d
B)

Edge input channel 1

1545 1547 1549 1551 1553 1555 1557 1559
Wavelength (nm)

-40
-35
-30
-25
-20
-15
-10

-5

Tr
an

sm
is

si
on

 (d
B)

Edge input channel 2

1545 1547 1549 1551 1553 1555 1557 1559
Wavelength (nm)

16k

16.5k

17k

17.5k

18k

18.5k

19k
Resolving Power

1545 1547 1549 1551 1553 1555 1557 1559
Wavelength (nm)

16k

16.5k

17k

17.5k

18k

18.5k

19k
Resolving Power

1545 1547 1549 1551 1553 1555 1557 1559
Wavelength (nm)

16k

16.5k

17k

17.5k

18k

18.5k

19k
Resolving Power

0

0

0

(a) (b)

(c) (d)

(e) (f)

Fig. 8. (a) Measured transmission spectra and (b) calculated resolving power of
the large-R TSP AWG, with the input light from the center channel. (c) Measured
transmission spectra and (d) calculated resolving power of the large-R TSP AWG, with
the input light from one of the edge channels. (e) Measured transmission spectra and (f)
calculated resolving power of the large-R TSP AWG, with the input light from the other
edge channel. For clarity, only a total of 21 channels are plotted in the transmission
spectra. The resolving power plots have all channels included.

polarizations with a large-bandwidth polarization beam splitter [19], and then handle the two210

polarizations with two customized TSP AWGs.211
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