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Design of thin-film filters for resolution improvements in filter-array 
based spectrometers using DSP 

 
Woong-Bi Lee, Cheolsun Kim, Gun Wu Ju, Yong Tak Lee, and Heung-No Lee* 

School of Information and Communications, Gwangju Institute of Science and Technology, 
Republic of Korea, 61005  

ABSTRACT   

Miniature spectrometers have been widely developed in various academic and industrial applications such as bio-medical, 
chemical and environmental engineering. As a family of spectrometers, optical filter-array based spectrometers 
fabricated using CMOS or Nano technology provide miniaturization, superior portability and cost effectiveness. In filter-
array based spectrometers, the resolution which represents the ability how closely resolve two neighboring spectra, 
depends on the number of filters and the characteristics of the transmission functions (TFs) of the filters. In practice, due 
to the small-size and low-cost fabrication, the number of filters is limited and the shape of the TF of each filter is non-
ideal. As a development of modern digital signal processing (DSP), the spectrometers are equipped with DSP algorithms 
not only to alleviate distortions due to unexpected noise or interferences among filters but also reconstruct the original 
signal spectrum. For a high-resolution spectrum reconstruction by the DSP, the TFs of the filters need to be sufficiently 
uncorrelated with each other. In this paper, we present a design of optical thin-film filters which have the uncorrelated 
TFs. Each filter consists of multiple layers of high- and low-refractive index materials deposited on a substrate. The 
proposed design helps the DSP algorithm to improve resolution with a small number of filters. We demonstrate that a 
resolution of 5 nm within a range from 500 nm to 1100 nm can be achieved with only 64 filters.  

Keywords: spectrometers, compressed sensing, sparse representation, resolution improvements 

1. INTRODUCTION  
Miniature spectrometers have been widely developed for various academic and industrial applications such as bio-
medical, chemical and environmental engineering [1-2]. As a family of spectrometers, optical filter-array based 
spectrometers fabricated using CMOS or Nano technology provide miniaturization, superior portability and cost 
effectiveness [3]. As a development of modern DSP, the state-of-the-art filter-array based spectrometers are equipped 
with DSP algorithms not only to alleviate distortions due to unexpected noise or interferences among filters but also 
reconstruct the original signal spectrum [4-7]. In the filter-array based spectrometers, resolution which represents the 
ability how closely resolve two neighboring spectra, is determined by the number of filters and the properties of the TFs 
of these filters [5]. In practice, due to the small-size and low-cost fabrication, the number of filters is limited and the 
shape of the TF of each filter is non-ideal [5,7].  

In order to improve the resolution beyond the fundamental limit determined by the number of filters, a L1 norm 
minimization based DSP algorithm was introduced in [5]. Furthermore, filters with random TFs were proposed in [6] and 
achieved 6 folds resolution improvements along with the DSP algorithm. In the random filter array, a TF of each filter is 
mutually uncorrelated with that of other filters as well as a transmission at one wavelength is completely different and 
uncorrelated with that at the other wavelengths in each filter. To implement the random filters, optical thin-film filters 
was proposed by randomly varying the thicknesses of the layers. Due to the limitations on the thicknesses of the layers 
and refractive indices of the materials of the layers, however, the TFs of the random filters in [6] are difficult to achieve 
in practical implementations.  

In this paper, we propose a design of optical thin-film filters which have uncorrelated TFs. In consideration of real 
implementations, we determine SiO2 and SiNx for low- and high refractive index materials of the layers, respectively. 
The thicknesses of layers in each filter are limited to the order of hundreds of nanometers. Instead, the number of layers 
is increased for a large contrast between minimum and maximum of the TF. The spectrometer with the proposed filter-
array and the DSP algorithms improves the resolution and the reconstruction performance.  
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2. SYSTEM DESCRIPTION 
We consider a filter-array based miniature spectrometer. The filter-array consists of M filters. In each filter, multiple 
layers of materials with different refractive indices are alternatively deposited on a substrate [8]. According to the 
materials and thicknesses of layers, each filter has a specific TF, which represents the amount of light that the filter 
allows to be transmitted at a given wavelength λ . Let ( )if λ  denotes the TF of ith filter for  1,2, ,i M=  . Each filter is 
attached to one or multiple CCD elements, and a set of a filter and its corresponding CCD elements forms a spectral 

detector. The output of the ith spectral detector is then given by ( ) ( )
b

i i ia
y f x d nλ λ λ= +∫ , where ( )x λ  is an object 

spectrum and in  is the observation noise. Then, the output of the spectral detector is sampled in analog-to-digital 
converter and fed into a DSP unit to estimate the spectrum.  

By collecting M samples, the data model for the output measurements, 1M ×∈y   can be represented as a system of 
linear equations: 

 = +y Fx n   (1) 

where x contains an 1N ×  vector of input spectrum sampled at wavelengths 1 2, , , Nλ λ λ  and n is an 1M ×  noise vector. 
Let F denote an M N×  filter transmission function matrix, which is obtained by uniformly sampling the TFs, ( )if λ , at 
wavelengths 1 2, , , Nλ λ λ . Each row of F represents a sampled TF of a filter. 

We note that the number of spectral components of x is generally greater than the number of filters, i.e., N M> . Then, 
Eq. (1) becomes underdetermined and thus has infinite many solutions. However, if the input spectrum is represented by a 
sparse spectrum which contains a small number of non-zero components, the underdetermined system of Eq. (1) can be 
solved uniquely by modern DSP algorithms [9-10]. For a sparse representation of the input spectrum, we model the input 
spectrum x in Eq. (1) as a linear combination of basis functions, i.e., =x Gs  where 1P×∈s   is a K-sparse spectrum with 
K P<<  non-zero components. In this paper, we choose Gaussian kernels as basis functions since the Gaussian shape can 
preserve the smooth features of the spectra and requires only two parameters: the central location and width [6-7]. In Fig. 
1(a), a Gaussian curve is shown with the central location of 800 nm and the full-width at half-maximum (FWHM) of 40 
nm. In Fig. 1(b), a smooth spectrum can be expressed as a linear combination of three Gaussian curves with FWHM of 40 
nm and central locations of 800, 860 and 900 nm. The kernel matrix N P×∈G   is a set of the Gaussian curves each of 
which forms a column of G. According to the nature of TFs of the filter-array and the nature of the object spectrum for a 
particular application, the number, locations, and FWHMs of Gaussian curves can be determined.  

 
Figure 1. (a) A Gaussian kernel with FWHM of 40 nm and center location of 800 nm (b) an example of sparse 
representation of object spectrum  

Now, using the sparse representation of the input spectrum, =x Gs , Eq. (1) can be rewritten as  



 
 

 
 

 
 
 

 
= + = +
= +

y Fx n FGs n
As n

  (2) 

where =A FG  represents an M P×  measurement matrix. In order to reconstruct s from y given F and G, we use L1 
norm minimization algorithm with a non-negative constraint, derived in [5]. The L1 norm minimization for the 
reconstruction of the sparse spectrum s in Eq. (2) can be expressed as 

 
1 2

min subject to , 0ε= − ≤ ≥
s

s s As y s   (3) 

where ε  is a small positive constant. From the estimate of the sparse spectrum ŝ , the input spectrum can be 
reconstructed by  =x Gs . If the input spectrum is reliably reconstructed with P M> , the spectrometer can achieve 
resolution improvements.  

In the framework of spectrum reconstruction in Eq. (3), it is important to design a good TF matrix F for the 
reconstruction of the sparse spectrum with high accuracy. Designing a good TF matrix F resembles designing a good 
measurement matrix in compressed sensing (CS). In CS, the mutual coherence ( µ ) of the measurement matrix A is 
defined as follows: 

max , ,     , 1, ,i ji j
a a i j Nµ

≠
= =   

where ia  is the ith column of A [11]. The mutual coherence represents the maximum possible correlation of among pairs 
of columns of A. The smaller µ  means the smaller the correlation among the columns of A is. The smaller the 
correlation is, the better reconstruction accuracy of s from y. In CS, it is desirable to design the TF matrix F, such that 
the measurement matrix =A FG  has low coherence. 

It is well known in CS that measurement matrices A, the entries of which are drawn from i.i.d. samples of a random 
variable, exhibit low coherence. Such matrices are called random measurement matrices. These matrices are capable of 
capturing enough information about the signal s to perform reconstruction from a small number of samples of y. 
Therefore, random measurement matrices are widely employed in CS-based applications. In [6], random TF filters were 
introduced in order to enhance the resolution of the spectrometers. In the deposition of the optical thin-film, however, the 
thickness and the refractive index of each filter are limited in practice, and thus such random TF filters are impractical 
and non-reproducible due to large tolerance of fabrication. We, thus, propose a realistically implementable design of 
filters which have a low coherence for resolution improvements. 

3. DESIGN OF THIN-FILM FILTERS 
We propose a design of a thin-film optical filter consisting of multiple layers of high- and low-refractive index materials 
deposited on a substrate. The transmittance spectra of multilayered dielectric filters were calculated by transfer matrix 
method [12]. For achieving incoherence among columns of A, the difference between the high- and low-refractive indices 
should be high and the number of pairs should be large. In this paper, SiNx is used for a high-refractive index material and 
SiO2 for a low-refractive index material. As shown in Fig. 2(a) filters are considered, each of which is composed of eight 
pairs of SiNx and SiO2. Note that increasing the number of pairs of layers leads to broadening the range of transmission of 
the filter. In order to reduce coherence among columns of A, each filter is designed to have different thicknesses of layers. 
The resultant thicknesses of layers in each filter are less than few micrometers. An example of the transmission spectra 
designed by the proposed method is shown in Fig. 2(b). The rates of transmission of filter 5 and filter 24 are highly 
uncorrelated. 



 
 

 
 

 
 
 

 
Figure 2. (a) Design structures of dielectric filters (b) Transmission spectra of filter 5 and 24 

4. RESULTS 
In this section, we aim to demonstrate the performance of spectrum reconstruction with a spectrometer consisting of the 
proposed filter array and the DSP algorithm. We consider the spectrometer with M = 64 filter elements in the filter array. 
The filters are designed as explained in Section 3. The wavelength range of interest is from 500 nm to 1100 nm. The 
length of spectral components is set by N = 600. As input spectra, we first consider a synthetic signal with two 
neighboring spectral components to identify the achievable resolution. We then evaluate the performance of the 
spectrometer for a spectrum of a halogen lamp, which has a broadband spectrum. The noise variance in Eq. (1) is 
assumed to be 0.01. As a kernel matrix, G, we choose Gaussian curves with FWHM of 4, 10, 20, 40, 60, 80 and 100 nm. 
Between 500 and 1100 nm, the Gaussian curves are evenly-located with 5 nm spacing for FWHM of 4 nm and with 20 
nm spacing for the rest. A set of 300 Gaussian curves (P=300) forms the kernel matrix, G. 

 

Figure 3. Narrowband spectrum reconstruction: (a) estimated sparse spectrum ( s ), (b) reconstructed signal spectrum ( x ). 

In Fig. 3, we choose K = 2 sparse spectrum to see if two closely spaced spectral components can be resolved or not. The 
sparse spectrum s, has non-zero values at 10th and 11th elements. Accordingly, the input spectrum contains two dominant 
spectral components located at 550 nm and 555 nm, respectively. It is evident from Fig. 3(b) that the dominant spectral 
components are clearly resolved by the proposed spectrometer. 



 
 

 
 

 
 
 

 

Figure 4. Wideband spectrum reconstruction: (a) estimated sparse spectrum ( s ), (b) reconstructed signal spectrum ( x ). 

We now investigate the reconstruction performance with a broadband spectrum of a halogen lamp. The spectrum is 
measured by a high-resolution spectrometer for a reference signal spectrum. The original signal spectrum in Fig. 4 (b), 
can be reconstructed as a sparse spectrum with K = 34 in Fig. 4 (a). From s , the signal spectrum ( x  ) is obtained by 
 =x Gs  . 

5. CONCLUSIONS 
In this paper, we have proposed a design of filters with low coherence to improve the resolution of a spectrometer. The 
optical filters are design by thin-film technology with efficiently feasible parameters. The proposed filter-array based 
spectrometer is incorporated with the DSP algorithm for resolution improvements. We have shown that the proposed 
spectrometer incorporated with the DSP algorithm, is able to resolve the spectral components that are more than 5 nm 
apart. By choosing the G appropriately, the spectrometer can reconstruct the broadband spectrum as well. 
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