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Abstract: We designed and demonstrated an on-chip Fourier transform spectrometer on Si3N4-on-
SiO2 using an array of Mach-Zehnder interferometers (MZIs) for 𝜆 = 600~1000 nm. The retrieval 
of an input spectrum is demonstrated by the interconnect simulation. © 2021 The Author(s) 

 

Fourier transform spectroscopy (FTS) is a technique that measures the spectrum with the interference of light instead 
of dispersion, offering the advantages including high optical throughput and multiplex advantage, in turn, larger 
signal-to-noise ratio compared to grating-based spectrometers [1-3]. Also, a non-invasive in vivo diffuse optical 
characterization of human tissues using optical spectroscopy to assess mean absorption and reduced scattering spectra 
in the wavelength range of 600-1200 nm opens a new possibility of monitoring various vital signatures of users [4]. 
Especially, the blood oxygen levels can be evaluated by monitoring the levels of HbO2 and Hb, which have absorption 
peaks at 𝜆 = 905 𝑛𝑚 and 𝜆 = 750 𝑛𝑚 [5]. In this paper, we designed and demonstrated an on-chip FTS consists of 
an array of MZI with linearly increasing optical path delays, also called a spatial heterodyne FTS (SHFTS) at the 
human body transparent wavelength region (600-1000 nm). It has been demonstrated that the SHFTS produces a 
spatial interference pattern at their outputs and the input spectrum can be retrieved using Fourier analysis in the data 
processing stage, allowing the acquisition of the entire interferogram in a single capture [1-3]. We chose the Si3N4 
waveguide with SiO2 claddings due to the low material absorption losses in the human tissue optical window [6]. The 
schematic illustrations of the proposed SHFTS structure and Si3N4 strip waveguide are shown in Fig. 1. (a) and (b).  

Fig. 1. (a) Schematic structure of the SHFTS consists of MZI array. (b) Schematic of the Si3N4 strip waveguide on SiO2 bottom cladding. (c) 
Refractive index profile of the designed strip waveguide (w=500nm, h=220nm) and (d) the effective index of guiding modes as a function of 
wavelength. (e) Cross-section of the fundamental TE mode profile in straight waveguide and (f) in 90° bend. (g) Effective index of fundamental 
TE mode in 90° bent waveguide with r=20𝜇𝑚. (h) E-field and (i) S-parameters of optimized Y-branch structure using particle-swarm algorithm.  

First, broadband single-mode Si3N4 waveguide is designed to cover the 600-1000nm wavelength range. The 
height (h) and width (w) of the Si3N4 waveguide are determined by sweeping the refractive index to ensure the single-
mode operation using Lumerical Mode simulation. The refractive index profile of optimized strip waveguide with 
h=220nm and w=500nm and the effective index of guiding modes as a function of wavelength are shown in Fig. 1. (c) 
and (d), which show that the designed strip waveguide covers the single-mode operation range from 620nm to 1040nm. 
Also, the low-loss waveguide bend and Y-branch are designed to guide the single TE mode. By sweeping the bending 
radius from 1 𝜇𝑚, we found that the minimum bend radius of 20 𝜇𝑚 is required to guide the fundamental TE mode 
up to 𝜆 = 1000 𝑛𝑚. The fundamental TE mode profiles of the straight waveguide and bent waveguide are shown in 
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Fig. 1. (e) and (f), which have ~99% overlap mode matching, in turn, the total 90° bend loss was <0.03 dB. The Y-
branch is optimized through the built-in particle swarm optimization algorithm in Lumerical Mode and FDTD to 
achieve the minimum loss across the wavelength range from 600nm to 1000 nm. The top-view electrical field and S-
parameters of each port of the designed Y-branch are shown in Fig. 1. (h) and (i), which indicate that the total Y-
branch losses at the wavelengths of 800 nm and 900 nm are ~0.4 dB and ~0.9 dB, respectively.  

Fig. 2. (a) SHFTS design floor plan. (b) Compact Interconnect model for each MZI. (c) Overall FTS operation procedure. Input and retrieved 
spectrum from FTS with various input sources: (d) Peaks are separated by 5 nm (𝜆=900 nm and 905 nm). (e) Peaks are separated by 10 nm (𝜆=900 
nm and 910 nm). 

Using the optimized Si3N4 passive components, on-chip SHFTS is designed and simulated by Lumerical 
Interconnect simulations. The FTS consists of an array of 24 MZIs with linearly increasing path length difference ∆𝐿𝑖 
(i=1,2…24) (Fig. 2. (a)) and the compact S-parameter models of designed passive components were used to build the 
FTS in Interconnect simulation (Fig. 2. (b)). Fig. 2. (c) shows the overall FTS operation process; for a given input 
source, the phase change is converted into an intensity change based on interferometric schemes. The input spectrum 
can be retrieved through the discrete Fourier cosine transform (Eq. (1)) [1].  
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Here, 𝜎  is the wavenumber, and 𝜎 = 𝜎 − 𝜎𝑚𝑖𝑛  is the shifted wavenumber, where 𝜎𝑚𝑖𝑛  represents the minimum 
wavenumber. The spatial interferogram  𝐹(𝑥𝑖)  is discretized at N equally spaced delay values 𝑥𝑖 (0 ≤ 𝑥𝑖 ≤ ∆𝑥) 
corresponding to the outputs of each MZIs, which is defined as 𝑥𝑖 = 𝑛𝑒𝑓𝑓∆𝐿𝑖, where 𝑛𝑒𝑓𝑓 is the effective index of the 
strip waveguide and ∆𝑥 is the maximum delay. The input power 𝑃𝑖𝑛 is constant for all the MZIs, and 𝑃𝑖

𝑜𝑢𝑡  represents 
the output power of the ith MZI with the coupling and loss coefficients of the MZI components 𝐴𝑠  and 𝐵𝑠 . The 
resolution of spectrometers, represented by the wavenumber resolution 𝛿𝜎 or wavelength resolution 𝛿𝜆 is determined 
by the maximum interferometric delay ∆𝑥 as following [1]: ∆𝐿𝑚𝑎𝑥 =
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⋯ (3), where ∆𝜎 and ∆𝜆 are the wavenumber and wavelength spectral range of the spectrometer. Based on Eq.(2) 

& (3), targeting SHFTS with 𝛿𝜆 = 5 𝑛𝑚, ∆𝜆 = 60 𝑛𝑚 at the center wavelength 𝜆0 = 900 𝑛𝑚, we designed N=24 
and ∆𝐿𝑚𝑎𝑥 = 106 𝜇𝑚 MZI array and simulated with various input spectrums to verify the device. MATLAB was 
used for data processing to retrieve the input spectrum based on Eq. (1). We put two lasers to generate input spectrums 
with two peaks separated by 5 nm and 10 nm to validate the resolution of the spectrometer. Fig. 2. (d) and (e) show 
the FTS results which show a good matching between input and retrieved spectrums. Because the FTS is designed to 
have a 5 nm resolution, two peaks were retrieved successfully, but there is a discrepancy of input and retrieved 
spectrum in between 900~905 nm in Fig. (2). (d). In summary, an on-chip SHFTS on Si3N4-on-SiO2 is designed and 
demonstrated using an array of MZIs. The device fabrication and experimental study are in progress. 
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○ Spatial Heterodyne Fourier Transform 
Spectrometer (SHFTS) consists of an array of 
Mach-Zehnder interferometer (MZI) with linearly 
increasing optical path delays implements on-
chip miniaturized spectrometer [1].

○ Silicon nitride (Si3N4) 
waveguide with silicon 
dioxide (SiO2) cladding has
low material absorption 
losses across this 
wavelength range [3]. 

○ A non-invasive in vivo diffuse optical 
characterization of human tissues using optical 
spectroscopy in 𝜆 =600~1200 nm opens a new 
possibility of monitoring various vital signatures 
of users [2].

○ The passive components including single mode Si3N4 strip waveguide, Y-branch 
and sub-wavelength grating couplers are designed and optimized for the low-loss 
operation in the wavelength region of 𝜆 =600~1000 nm using Lumerical 3D mode 
and FDTD simulations.

○ The input spectrum can be retrieved from the interference pattern at the MZI 
output powers through the discrete Fourier transform, and the resolution and 
bandwidth of spectrometer are determined by the maximum interferometric delay 
and the Fourier sampling theory [1].

○ Using the optimized components, SHFTS parameters are designed based on the 
theoretical design principles and simulated by Lumerical Interconnect simulation to 
have the resolution of δ𝜆 ≅ 5 𝑛𝑚 and bandwidth of ∆𝜆 ≅ 60 𝑛𝑚.
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○ The dimensions of the Si3N4 strip waveguide and bend radius are optimized to 
allow low-loss single TE mode in the wavelength region of 𝜆 =600~1000 nm. 

• 90° bend loss = 0.027 dB

○ The low-loss Y-branch and grating coupler (GC) are designed and optimized to 
build the MZI array and effectively couple the light in and out from the waveguide. 
Sub-wavelength design is implemented to minimize the Fresnel back reflection 
and achieve fully-etching GC design.

• Y-splitter loss: ~0.4 dB @ 𝜆 =800nm; ~0.9 dB @ 𝜆 = 900nm

• TE mode Coupling loss: 3.3 dB @ 𝜆 = 900 nm 
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○ We designed SHFTS as N=24 and ∆𝐿𝑚𝑎𝑥=106 𝜇𝑚 to achieve δ𝜆 ≅ 5 𝑛𝑚 𝑎𝑛𝑑 ∆𝜆 ≅
60 𝑛𝑚, and verified the performance using the optimized components’ S-parameters 
in the interconnect simulation.

○ Overall interconnect simulation flow and results. The input spectrum was 
retrieved through MATLAB code using the [Eq.1]

○ Successfully retrieved the input spectrum with the resolution of ~5nm.

⋯[Eq. 1]

○ An on-chip SHFTS for 𝜆 =600~1000 nm is 
designed using Si3N4-on-SiO2 platform. Low-loss 
passive components are designed and optimized 
to build MZI array, and the spectrometer 
performance with δ𝜆 ≅ 5 𝑛𝑚 and ∆𝜆 ≅ 60 𝑛𝑚 is 
demonstrated using the optimized passive 
components and interconnect simulations.

○ The device fabrication and experimental study 
including broadband operation will be 
demonstrated in the next publications.
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