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ABSTRACT   

Spatial heterodyne Fourier transform (SHFT) spectroscopy is based on simultaneous interferometric measurements 
implementing linearly increasing optical path differences, hence circumventing the need for mechanical components of 
traditional Fourier transform spectroscopy schemes. By taking advantage of the high mode confinement of the Silicon-
on-Insulator (SOI).  platform, great interferometric lengths can be implemented in a reduced footprint, hence increasing 
the resolution of the device. However, as resolution increases, spectrometers become progressively more sensitive to 
environmental conditions, and new spectral retrieval techniques are required. In this work, we present several software 
techniques that enhance the operation of high-resolution SHFT micro-spectrometers. Firstly, we present two techniques 
for mitigating and correcting the effects of temperature drifts, based on a temperature-sensitive calibration and phase 
errors correction. Both techniques are demonstrated experimentally on a 32 Mach-Zehnder interferometers array 
fabricated in a Silicon-on-insulator chip with microphotonic spirals of linearly increasing length up to 3.779 cm. This 
configuration provides a resolution of 17 pm in a compact device footprint of 12 mm2. Secondly, we propose the 
application of compressive-sensing (CS) techniques to SHFT micro-spectrometers. By assuming spectrum sparsity, an 
undersampled discrete Fourier interferogram is inverted using l1-norm minimization to retrieve the input spectrum. We 
demonstrate this principle on a subwavelength-engineered SHFT with 32 MZIs and a 50 pm resolution. Correct retrieval 
of three sparse input signals was experimentally demonstrated using data from 14 or fewer MZIs and applying common 
CS reconstruction techniques to this data.  
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1. INTRODUCTION  
1.1 Spatial-heterodyne Fourier Transform spectroscopy  

Fourier-transform spectroscopy is a power analysis technique traditionally based on a Michelson interferometer with a 
moving mirror for a variable optical delay [1]. Spatial heterodyne Fourier-transform (SHFT) spectrometers circumvent 
the need of mechanical elements by performing multiple parallel measurements at fixed optical path length differences 
[2]. The source spectrum is calculated by Fourier transformation of the resulting stationary interference patterns. Since, 
SHFT configuration only requires passive elements, it can be implemented with planar waveguides achieving high 
spectral resolution in a compact device with reduced fabrication costs [3,4]. In particular, the high refractive index 
contrast of the silicon-on-insulator (SOI) platform results in a high mode confinement and a small bend radius that 
enables an increased spectral resolution in a reduced footprint [5-7]. Furthermore, integrated SHFT spectrometers 
advantageously benefit from the intrinsically large étendue of the Michelson interferometer [8] and the possibility of 
multiple input waveguide apertures [9], circumventing single-aperture input limitations of array waveguide gratings 
(AWGs) [10,11] and waveguide echelle gratings [10,12]. These features show remarkable potential for a broad range of 
applications such as biological and environmental sensing, genomics, health diagnostics, microsatellites or fiber optic 
telecommunication networks [13,14]. 
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The SHFT scheme can be implemented in a SOI platform as an array of waveguide MZIs with linearly increasing optical 
path differences [5]. The number of interferometers (N) and the physical length difference of the most unbalanced 
interferometer (∆Lmax) determines the spectral resolution ( ) and the free spectral range (FSR) of the device [9]: 

  (1) 

  (2) 

where  is the device operational central wavelength and ng is the waveguide group index. For any arbitrary input 
signal, all the outputs of the device, corresponding to each interferometer, are measured simultaneously providing an 
output wavelength dependent spatial interferogram I(xi). The relation between the input spectral distribution B, and the 
output interferogram within the FSR of the device is determined by [9]: 

  (3) 

where  is the shifted wavenumber, relative to the Littrow wavenumber , and xi is the path delay of the i-th MZI. This 
relation is unambiguous for an ideal device without phase errors enabling the source spectrum to be retrieved by the 
cosine Fourier transform (FT). However, environmental fluctuations due thermal dependence of Si-wire waveguides 
[15], as well as fabrication deviations from ideal behavior, result in phase and amplitude errors which cause the non-
orthogonality of the Fourier transform base. Compensation through either active elements [7] or data processing 
techniques are hence required to prevent errors in the spectral retrieval. 

1.2 Spectral retrieval 

Three main deviations from the ideal behavior must be taken into account during the data processing stage, namely phase 
errors, amplitude errors and thermal fluctuations. Amplitude errors are produced by uneven propagation losses along the 
waveguides, resulting in reduced visibility for more unbalanced MZIs which can nevertheless be readily compensated by 
normalization techniques. Phase errors are caused by small deviations in the chip fabrication process which induce 
alterations of the effective index and optical path differences. These variations prevent the verification of the Littrow 
wavenumber phase alignment condition, rendering Eq. 3 inadequate for spectral retrieval. A calibration-based spectral 
retrieval algorithm can be employed to overcome this issue [9,13]. According to this approach, the transmittance 
function of each MZI is sampled at M equidistant wavelengths within the FSR of the device resulting in a transformation 
matrix C. This matrix comprises N rows, which represent the normalized power of the output interferogram for each 
sampled wavelength, and M columns, which represent the spectral response of each MZI. Therefore, the relation between 
the input signal and the output interferogram is:  

  (4) 

where B is the source power spectrum, C is the calibration matrix and I is the output interferogram. In the absence of 
phase errors, the transformation base is orthogonal and the calibration matrix invertible. In a real scenario, the source 
spectrum can be obtained multiplying the interferogram by the pseudoinverse of the transformation matrix.  

However, in order for the proposed algorithm to work correctly, the MZIs transmittance functions must remain constant 
between the calibration process and the device operation. Si-wire waveguides thermal dependence hampers this 
conditions, as temperature changes modify the waveguide effective index and therefore the optical path difference of 
each interferometer and the period of the resulting transmittance function. At a wavelength of 1.55 μm, the thermooptic 
coefficients of the device waveguides are 1.8·10-4 K-1 and 1.8·10-4 K-1and for TE and TM polarizations, respectively [15]. 
This thermal dependence is proportional to the maximum interferometric delay, therefore imposing harder conditions on 
the thermal stabilization system and ultimately limiting the maximum achievable resolution.  

2. TEMPERATURE DEPENDENCE MITIGATION 
2.1 Principle of operation   

Two spectral retrieval techniques for software SHFT athermalization are presented [6]. The first proposed algorithm is 
based on a temperature-sensitive calibration in which multiple calibration matrices Cj are measured at different 
temperatures Tj. Therefore the output interferogram is determined by:  
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  (4) 

where  are equidistant wavelengths within the FSR of the device. 

For a correct selection of the calibration matrix, an auxiliary temperature measurement is performed. This step can be 
directly implemented with a high precision measurement of the photonic chip temperature (Taux). The calibration matrix 
at a temperature Tj closest to Taux is subsequently selected for the spectral retrieval algorithm. Alternatively, the output 
interferogram Iaux of a reference input signal with a known spectrum Bref can be used for accurate temperature 
determination.  In this case, the appropriate calibration matrix is selected by minimizing the following expression: 

  (5) 

Additionally, a second software athermalization technique for narrowband signals is reported. In this case, the phase 
errors in the calibration matrix are corrected by shifting and aligning the MZIs transmittance functions (Fig. 4) obtaining 
a phase shift vector  . By verifying the phase alignment condition of Littrow wavenumber, a FT-based spectral 
retrieval can be used:  

  (6) 

where A is a normalization constant, k is the number of points of the interferogram, n is the number of points of the 
spectrum and I'(k) is a corrected interferogram by also applying phase shift vector .However, an indetermination 
arises when applying  to an output interferogram, as a given signal level can correspond to either a rising or 
descending flank of the MZI transmittance function. To solve this issue, the output interferogram is measured at two 
close temperatures T and T+∆T. By analyzing the effect of small temperature changes in the output signal levels, the 
indetermination is resolved and the phase shift vector can be applied correctly. 

2.2 Experimental demonstration   

The algorithms were experimentally demonstrated on a SHFT micro-spectrometer comprising an array of 32 silicon 
waveguide Mach-Zehnder interferometers with a reference straight arm of constant length and a microphotonic spiral 
arm of linearly increasing length (Fig. 1) [5]. The high-index contrast of the SOI platform enables fabrication of very 
tightly coiled spirals, achieving a maximum length difference of ∆Lmax=3.779 cm in a spiral diameter of only 490 μm. 
These design parameters result in a spectral resolution of 17 pm and a FSR of 0.23 nm in a compact device footprint of 
23 mm2. To ensure monomode operation and minimize bend losses, 450 nm wide Si-wire waveguides with a minimum 
bend radius of 5 μm were used. The device was fabricated on SOI wafers with 0.26-μm- thick silicon and 2-μm- thick 
buried oxide. Si-wire waveguide structures were defined in a single patterning step by electron beam lithography using 
hydrogen silsesquioxane (HSQ) resist. Inductively coupled plasma reactive ion etching was used to transfer the resist 
pattern into the silicon layer.  

 
Figure 1. Optical micrograph of the fabricated spatial heterodyne Fourier-transform spectrometer chip with spiral silicon 
wire waveguides. 
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The fabricated device was characterized using a high-resolution tunable semiconductor laser over the spectral range of 
1550-1550.6 nm, with a wavelength step of 0.5 pm. Efficient subwavelength grating couplers [16] were included at the 
input and output facets of the chip for optimized fiber coupling, while at the same time reducing the Fabry-Perot effect 
due to the reflectivity at the facets. A Peltier stage was used for thermal stabilization of the chip, and TM-polarized input 
field was selected through an external polarization controller. Output light from all the MZIs was collected in a single 
shot with a high-sensitivity IR CCD camera. 

2.3 Spectral retrieval results   

Figure 2 presents an experimental spectral retrieval of a monochromatic signal after selecting the appropriate calibration 
matrix, as well as the effects of a temperature mismatch in said retrieval. In the absence of proper correction, thermal 
drifts affect each MZI differently depending on its optical path difference, and the retrieved spectrum is not only shifted, 
but also deformed by the presence of artifacts. In particular, a 6 pm central-wavelength displacement is measured for a 
0.1 ºC mismatch, whereas the spectrum deterioration is already significant for a temperature variation of 0.3 °C. When 
compensated through multi-temperature calibration and phase alignment, spectrum is correctly retrieved even in a device 
with a resolution as high as 17 pm.  

 
Figure 2. Spectral retrieval of a monochromatic input signal for different temperature changes between the calibration and 
measurement steps. 

3. COMPRESSIVE SENSING 
3.1 Principle of operation   

Spectral retrieval techniques based on compressive-sensing (CS) principles [17] are also presented. In a CS scheme, the 
assumption of a sparse input signal leads to a reduction in the number of sampling points required to correctly retrieve 
the input signal. CS techniques are particularly suitable for SHFT devices as sampling points in the interferogram are 
collected independently and the sensing basis (frequency) and the measurement basis (temporal) are maximally 
incoherent, meaning that a sparse signal in the frequency domain will produce a non-zero signal level at all points in the 
time-domain. By inverting an undersampled interferogram through l1-norm minimization, spectra can be retrieved using 
a lesser number of MZI without loss of information.  

3.2 Experimental demonstration   

SHFT compressive sensing retrieval was demonstrated on an array of 32 MZI interferometers with refractive index 
engineering through subwavelength gratings (SWG) [18], schematically depicted in figure 3. SWG are periodical 
dispositions of alternating core and cladding slabs, with a smaller spacing than the wavelength of the propagated light. 
This structure acts as an optical metamaterial with a propagation constant that is controlled by the periodicity and the 
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duty-cycle of the grating [19]. Each MZI of the fabricated device comprises a first arm with a Si-wire waveguide (width 
450 nm) and a second arm with a SWG section (width 300 nm, grating periodicity 400 nm, 50% grating fill-factor). This 
results in a group index of the subwavelength region of nSWG=1.51, and a group index for the wire waveguide region of 
nWG=4.38. A maximum SWG length of 1.5 cm results in a total resolution of 48 pm and a FSR of 0.78 nm.  

The MZIs were fabricated on a wafer consisting of a Si substrate, buried oxide layer, a 260 nm thick Si layer from which 
waveguides are formed, and an SU-8 upper cladding. A high-resolution tuneable laser source was used to characterize 
the response of the subwavelength waveguide spectrometer. The excitation wavelength was steadily incremented in 5 pm 
steps over the FSR of the device, while the input power was held constant at 1mW. The input light was restricted to the 
transverse magnetic polarization state (TM), and coupled to the spectrometer via a lensed fiber. 

 

 
Figure 3. Schematic representation of the SWG-based spatial-heterodyne Fourier-Transform microspectrometer used for CS 
retrieval demonstration.  

3.3 Spectral retrieval results   

Figure 4 presents an experimental spectral retrieval of a monochromatic signal generated by a narrow-band laser 
centered at 1550.5 nm. For CS reconstruction demonstration, 8 MZIs are selected randomly from the instrument set, their 
output values are recorded, and the input spectrum is retrieved through l1-norm minimization via basis-pursuit denoising 
[20]. These results are compared with retrievals obtained using the pseudoinverse of the calibration map, both using the 
full MZI array, and the equivalent undersampled interferogram used for CS-reconstruction. These results show that 
spectrum is correctly retrieved by CS-based techniques even in an undersampled scenario where traditional approaches 
fail to appropriately characterize the input signal.  Note that the narrow appearance of the spectral features in CS-
reconstruction do not imply a higher spectral resolution, being instead a straightforward consequence of the initial 
sparsity assumption of the CS methods. 
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Figure 4. Spectra from narrow-band laser source with 1 mW input power retrieved via l1-norm minimization using a subset 
of 8 MZIs randomly selected (blue), via pseudoinverse methods with the full MZI array (orange), and via pseudoinverse 
with undersampled interferogram (yellow). 

4. CONCLUSIONS 
We have presented several spectral retrieval techniques for enhanced operation of spatial heterodyne Fourier-transform 
microspectrometers. Firstly, thermal drifts have been mitigated through multi-temperture calibration and phase 
alignment. This approach was demonstrated in a device of 17 pm resolution implemented with an array of 32 silicon 
waveguide Mach-Zehnder interferometers with SOI micro-photonic spirals. Secondly, a compressive sensing technique 
has been proposed for SHFT devices, enabling downsampled spectral retrieval without resolution or accuracy loss. This 
principle was demonstrated on a photonic chip consisting of 32 subwavelength-engineered MZIs with a resolution of 50 
pm.  

The combination of both techniques paves the way for high-resolution microspectrometers with a compact footprint and 
enhanced resilience to environmental fluctuation. Resulting miniaturized SHFT devices would be of paramount interest 
in diverse fields such as biological and environmental sensing, health diagnostics or microsatellites, and particularly, for 
the measurement of naturally occurring sparse signals, such as Raman and LIBS emission spectra, and atmospheric 
absorption and emission spectra. 
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