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ABSTRACT 

We have built a novel planar-waveguide Fourier-transform spectrometer (FTS) with several innovative design 

features to achieve high throughput Raman spectroscopy in a compact layout. This waveguide FTS consists of a 

set of independent Mach-Zehnder interferometers (MZIs) on a photonic chip. An array of microlenses is bonded 

to the ‘bottom’ surface of the chip, transforming a normally incident collimated beam into an array of focal spots 

near the waveguide surface.  These micro-beams are deflected using an array of focused ion-beam (FIB) etched 

45 degree mirrors into an array of single mode waveguides. Because the features of a Raman spectrum are sparsely 

distributed in frequency space, we are able to adapt techniques of compressive-sensing (CS) spectroscopy to 

significantly undersample the interferogram at our chosen bandwidth and resolution. The resulting system reduces 

the number of waveguides (MZIs) required by a factor of 4 while simultaneously reducing the size of the 

spectrometer and concentrating the Raman signal in a smaller number of detector pixels for further signal to noise 

enhancement. Because the interferogram samples are gathered simultaneously, a gated detector can be used to 

separate Raman peaks from sample fluorescence.  
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1. INTRODUCTION 

Raman spectrometers measure inelastic scattering intensity as a function of energy shift of light scattered from 

a bright monochromatic source such as a laser.  Optically, they are most efficient in the UV and visible (UVVis) 

optical regimes as Raman cross-section is enhanced at short wavelengths by a factor of 1/4. Raman spectra 

typically consist of sparsely distributed spectral peaks corresponding to the energy difference between discrete 

states. Dispersive Raman spectrometers require a narrow input slit to achieve high spectral resolution.  Fourier-

transform spectrometers (FTS) can achieve greater optical throughput for a given bandwidth and resolution, which 

may improve the signal to noise ratio (SNR) in a Raman system. Unfortunately, traditional Michelson FTS devices 

based on linearly-translating mirrors are not well-suited for applications in the UVVis as the short optical 

wavelengths impose strict requirements on jitter and mirror parallelism. Moreover, in a Michelson FTS the spectral 

information is captured over time, making it susceptible to errors induced by dynamic changes in the target such 

as laser-induced fluorescence. 

The limitations of Michelson interferometry may be overcome using spatially heterodyned Fourier-transform 

spectrometers (SHFTS). SHFTS devices achieve high optical throughput in the UVVis while maintaining the 

capability to capture a full spectrum in a single shot [1]. In an SHFTS, light in each arm of an interferometer is 

spatially-dispersed using gratings, and recombined to produce a spatially-modulated interference pattern along a 

linear detector. SHFTS devices contain no moving parts, and have been successfully implemented in UVVis [2]. 

Despite their potential advantages as Raman spectrometers, present SHFTS implementations are difficult to 

miniaturize and are limited by their detectors to bandwidths of 2000 cm-1. 

2. THEORY 

2.1 Waveguide SHFTS 

Planar waveguide on-chip SHFTS devices may be implemented as an array of Mach-Zehnder interferometers 

(MZIs) with linearly increasing OPDs [3] as shown in Figure 1. This array of MZIs constitutes a discrete Fourier-

transform (DFT), wherein the output of each MZI corresponds to a sampling point in the spatial interferogram. 

These MZI outputs may be sampled independently via a linear detector array bonded to the chip, or by on-chip 

photodiodes implanted in the substrate. A fast Fourier-transform (FFT) or inverse matrix operation may be used 

to invert the interferogram and retrieve the input spectrum. These devices achieve snapshot acquisition in a 

miniaturized package, and may be designed to operate in any wavelength range that is supported by the optical 

waveguide material. 
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Figure 1. Diagram showing SHFTS operating principle. MZIs implemented as U-bends (left) collect a 

discrete sampling of the Fourier-transform of the input spectrum (upper right), equivalent to a discretely sampled 
Michelson interferometer. This may be expressed as a matrix operation y = Ax, where each row of the DFT matrix, 
A, corresponds to the spectral modulation function of a particular MZI multiplied by the input spectrum x to produce 
interferogram y (lower right) [5]. 

Planar waveguide on-chip SHFTS may also achieve greater bandwidths than traditional SHFTS, enabling their 

use in Raman spectroscopy. Recently, we have demonstrated that the bandwidth of planar-waveguide SHFTS 

devices may be increased fourfold via implementation as a compressive sensing instrument [4]. 

2.2 Compressive Sensing 

The mathematical formulation of compressive sensing is given elsewhere [6].  The premise of this approach is 

that a signal that is sparse in frequency space can be fully represented, and retrieved, by a correspondingly sparse 

number of Fourier components or measurements.  The sparser the spectrum, the fewer independent measurements 

needed to retrieve it.  A random set of time domain measurements can be used to efficiently sample the incoming 

light. A l1-norm minimization method is used, based on the assumption of sparsity, to retrieve a spectrum that best 

reproduces the sparse measurement set using the least number of spectral elements. 

We have previously demonstrated that such a configuration may form the basis for a compressive sensing 

SHFTS, wherein the number of MZIs is reduced by a factor of four over a fully Nyquist-sampled system [4]. In 

this spectrometer we randomly select 120 rows (MZIs) from the full DFT matrix to be fabricated on the wafer.  

This approach allows us to capture a full 2850 cm-1 spectrum at <10 cm-1 resolution with a manageable chip size 

using a small linear detector for readout. 

Compressive sensing techniques may only be applied in the case that a spectrum is known to be sparse and 

therefore cannot be applied in the presence of a smooth background continuum. To overcome this limitation, in 

addition to the 120 compressive sensing MZIs we include a set of 40 fully-sampled low-frequency MZIs to retrieve 

an estimate of the background. An observed spectrum may be considered as a linear combination of sparse and 

non-sparse components. For instance, in Raman spectroscopy the signal will consist of a set of spectrally narrow 

Raman emission lines, as well as spectrally broad fluorescence. Treating these components independently, by 

using the low-frequency MZIs to generate an estimate of the background fluorescence, and using the high-

frequency MZIs to perform a compressive sensing retrieval on a residual interferogram, we may perform a retrieval 

even in the presence of background contamination. This novel hybridization of standard and compressive spectral 

retrievals allows us to overcome a traditional limitation of compressive sensing schemes. Without this corrective 

step, background fluorescence would make accurate compressive sensing retrieval of Raman components 

impossible. 



3. SPECTROMETER OVERVIEW 

We present a miniaturized high-resolution planar waveguide visible-wavelength SHFTS for Raman 

spectroscopy with many innovative aspects. The SHFTS leverages compressive sensing retrieval methods to 

undersample its interferogram by a factor of c = 1/4, expanding its operational bandwidth without sacrificing 

resolution. We use a subset of low-resolution MZIs to provide a fully-sampled estimate of non-sparse background 

signals, to demonstrate, for the first time, the use of compressive sensing methods to retrieve spectra even in the 

presence of broadband background light. We implement a novel multi-aperture vertical coupling scheme to 

achieve high-throughput broadband input coupling to 83 independent apertures. Finally, we demonstrate a novel 

method for snapshot waveguide characterization via white-light hyperspectral imaging at the waveguide outputs. 

We have demonstrated, for the first time, a Fourier microspectrometer able to retrieve input spectra using 

compressive sensing techniques for emission spectroscopy.  Initial results are shown in Figure 2, significantly 

outperforming the matrix pseudo-inverse retrieval method. 

 
Figure 2.  Experimental retrieval of sparse spectra in the presence of non-sparse background signal. The sparse 

spectra consists of two narrowband filter lines located at 552 nm and 592 nm, while the background light, centered 
at 590 nm, spans nearly the full bandwidth of the spectrometer. A compressive sensing retrieval (blue) is plotted 
against a matrix pseudoinverse retrieval (grey), as well as the input spectrum (orange). Minimizing the l1-norm 
correctly retrieves the input spectrum with a normalized root mean square error (NRMSE) of 0.39 [5]. 
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