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PREFACE 

 

In this thesis, I present my work on a real-time high resolution integrated optical micro-

spectrometer based on planar single-mode waveguide grating.  

Chapter 1 gives an introduction of different miniature and micro-spectrometers based on 

planar gratings and other concepts in this field. An overview of different technologies used to 

display the output of micro-spectrometer is given in this chapter. Applications of micro-

spectrometers which  motivated me to develop this project is also explained. 

Chapter 2 describes the design of the micro-spectrometer. Different components which is 

used to assemble and realize the micro-spectrometer is explained in this chapter. 

Chapter 3 explains the algorithm developed to display the output of micro-spectrometer 

from the raw image of CMOS sensor. Algorithm is explained in detail. The data processing 

technique to eliminate the noise is also explained. 

Chapter 4 discusses the conclusion of the thesis along with the future developments. 

Sincerely, 

Sabarish Chandramohan 
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Chapter 1 

Introduction 

Micro-spectrometers have been developed based on different platforms and technologies. 

These platforms include micro-spectrometers based on planar gratings such as planar dispersion 

grating micro-spectrometers with spherical optics [1-3], and planar imaging grating micro-

spectrometers [4-8]. Micro-spectrometers are also developed without diffraction gratings which 

are integrated filter arrays [9], interferometers [10, 11], photonic crystals [12], Fabry-Perot 

optical resonators [13], etc. Development of micro-spectrometers using  different technologies 

includes MEMS based [14-16], and Fourier transform based devices [17, 18]. Micro-

spectrometers on these platforms and technologies can be developed in different spectral ranges 

which are visible, ultra-violet and infra-red ranges. 

A micro-spectrometer with high resolution of 0.5 nm in the visible spectrum with 35 

input optical channels is demonstrated in [4]. Micro-spectrometer with spectral resolutions of 0.2 

nm with f = 14 cm and f = 2 cm lenses, and 0.3 nm with f = 1 cm lens is demonstrated in [1]. 

High spectral resolutions of 0.7nm with aberration correcting planar gratings [3], and devices 

with several nanometers of spectral resolution in visible and infrared ranges have been reported 

in [5, 7-18]. 

Spectroscopy is a massive field whose application is extended to different fields 

including biosensors, microbiology and chemical sensors [19-21]. These applications needs 

detection in molecular levels. This motivated to develop an integrated optical device for the 

spectroscopy of monolayer of molecules or a single molecule as shown in Figure-1.1.  
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Figure-1.1: Ultimate setup to develop an integrated optical device for the spectroscopy of 

a monolayer of molecules or a single molecule. 

In this study, a real-time integrated planar single-mode waveguide grating micro-

spectrometer with high resolution of 0.5 nm in 120 nm wide range of visible spectrum, from 525 

nm to 645 nm is demonstrated as shown in Figure-1.2. A CMOS sensor is used for capturing the 

output image of micro-spectrometer. A f = 1cm lens is used to focus the diffracted 

monochromatic light onto the CMOS sensor. An algorithm is developed using simple 

polynomial equation which uses two known reference wavelengths to convert x-pixel numbers of 

the CMOS sensor to wavelength spectrum. The output of micro-spectrometer in this design has 

comparatively less noise than usual spectrometric measurements. This design uses built-in 

matlab functions such as 'findpeaks' [22] to find the input laser peaks and the central pixel 

numbers for that peaks and 'polyfit' [24] to find the coefficients essential for the calibration of 

wavelength spectrum.  
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Figure-1.2: Schematic view of a high-resolution integrated optical micro-spectrometer. 

This study only discusses the design of a micro-spectrometer which is a preliminary step. 

With further enhancement of output image processing with appropriate algorithms, the 

development of very sensitive micro-spectrometer for detection of molecular level signals as 

shown in Figure-1.1 is achievable. 
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Chapter 2 

Design of Micro-spectrometer  

The micro-spectrometer consists of SiTi02 planar single-mode waveguide with diffraction 

gratings [26], and lens to focus the diffracted wavelengths onto the CMOS sensor. 

2.1 SiTi02 planar single-mode waveguide 

 The SiTi02 planar single-mode waveguide contains the diffraction gratings on a glass 

substrate (BK7). The refractive index of the waveguide film is 1.77 ± 0.03. The thickness of the 

film is 170-220 nm. The glass substrate is of length 12mm and width 8mm with a thickness of 

0.50mm and refractive index of 1.53. The diffraction grating used has a surface relief structure of 

20nm. The grating periodicity is 2400 lines/mm (0.4166 µm). The width of total grating is 2mm. 

The grooves of the gratings are parallel to the width of the sample. The waveguide edge on the 

non-coupling side is covered with a thick black paper to block the scattered stray light from the 

non-coupling edge and glass substrate to reduce the noise level of the spectrometer. Figure -2.1 

shows the cross-sectional view of the waveguide. 

 

Figure-2.1: Cross-sectional view of SiTi02 planar single-mode waveguide. 
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2.2 Lens 

  A lens with focal length of 1cm is used to focus the diffracted monochromatic light to 

the CMOS sensor. Since the monochromatic lights are diffracted at an angle to the normal of the 

gratings, the lens is placed at the same angle to perfectly focus the diffracted lights onto the 

sensor. Figure-2.2 shows the focusing lens used. The lens holder is adjusted in the design so that 

it doesn't restrict fine adjustments for waveguide, microscope objective or the sensor.  

 

Figure-2.2: Focusing Lens 

 

2.3 Aptina Image Sensor (MT9M032) 

 The CMOS image sensor used is Aptina MT9M032 monochromatic sensor as shown in 

Figure-2.3. The sensor area is 3.24mm x 2.41mm. It is 1.6Mp with maximum image size of 1440 

x 1080 and having an optical format of 1/4.5 inch (4:3). The output of the sensor is set to 

maximum bit-size of 12-bit and the filter array format used is Bayer pattern (Bayer-12). The 

sensor board is attached to a Demo Board of version 2.0 from Aptina which enables the PC 

connectivity through USB port. The output from the sensor is interfaced to matlab using 

DevWare [25] (CMOS sensor software).  

 

Figure-2.3: Aptina MT9M032 Monochromatic sensor. 
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2.4 Optical Micro-Spectrometer 

 

 

Figure-2.4: Optical micro-spectrometer.  

 Figure-2.4 shows the optical micro-spectrometer. A beam splitter is used to combine the 

green (532 nm) and red (632.8 nm) monochromatic laser beams. Collimators with same 

Numerical Aperture (NA) are used at both ends of a single mode fiber to couple the combined 

monochromatic laser beams. The collimated monochromatic light out coupled by the fiber is 

focused by a microscope objective onto the edge of the waveguide. A 3-way translational stage is 

used to mount the waveguide which allows the  adjustment in X, Y and Z directions to the input 

collimated light source focused by the microscope objective. The microscope objective is also 

adjustable in X, Y and angular directions which allows additional adjustment to move the focus 

of the input collimated light. Figure-2.5 shows the monochromatic lights propagating through the 

waveguide. 

SiTi02 Single-mode Waveguide  

Lens to focus the diffracted 

monochromatic lights 
Aptina Image Sensor (MT9M032) 

Microscope Objective to focus the 

collimated Green and Red laser beams. 
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         (a)                    (b)                    (c) 

Figure-2.5: (a) Collimated green and red monochromatic lights propagating through the 

waveguide (b) propagation of only green monochromatic input (c) propagation of only red 

monochromatic input. 

 

 Laser beams with large power and very sensitive CMOS image sensor accounts for 

attenuation of the beams before it is coupled to the fiber. The green and red laser beams have 

different output powers which necessitates separate attenuation. The collimated green and red 

monochromatic laser beams after hitting the gratings gets diffracted at different angles and is 

captured using CMOS image sensor. The red monochromatic light is diffracted at a smaller angle 

with normal to the plane of the gratings due to its larger wavelength and gets focused towards the 

lower pixel number region of CMOS image sensor and green monochromatic light is diffracted 

at larger angle and is focused to the higher pixel number region. Figure-2.6 shows the diffracted 

green and red monochromatic lights captured by the CMOS image sensor. The diffracted lights 

are shaped as arcs as shown since the light guided through the waveguide diverges. 
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Figure-2.6: Diffracted monochromatic lights captured by CMOS image sensor. 

 The polarizer was placed before the microscope objective to verify whether the images 

captured by CMOS image sensor is the guided light and not the scattered stray light from the 

glass substrate. As shown in Figure-2.7 (a), (b) and (c), by setting the polarizer at different 

angles, only TE or TM modes, or both the modes together can be excited. The location of the 

diffracted light on the sensor is polarization dependent. This concludes that the diffracted light 

captured by the CMOS image sensor is due to the guided mode. TM component of red 

monochromatic input is captured by shifting the image sensor towards the left as shown in 

Figure-2.7 (c).Only TE mode is chosen in this work. 
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(a) 

 

 
(b) 

 

 
                          (c) 

 

Figure-2.7: (a) Green and red TE&TM monochromatic inputs, (b) TE-polarized 

monochromatic inputs, (c) TM-polarized monochromatic inputs. The image sensor 

is shifted towards left to capture TM-polarized inputs. 

Red (632.8 nm) Green (532 nm) 

TM      

TM      TE      TE      

TE & TM Green and Red 

TE Green and Red 

TM Green and Red 

TM      

TE      TE      
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Chapter 3 

Algorithm to display the output of micro-spectrometer 

 A real-time image processing algorithm is developed using matlab to display the output 

of micro-spectrometer. The algorithm is developed for working in two modes, which are the 

calibration mode, and the measurement mode. The output of CMOS image sensor is a matrix of  

light intensity versus x- and y-pixel numbers of the CMOS image sensor. The calibration mode 

uses a simple quadratic equation to convert the x-pixel number scale to the wavelength spectrum.  

3.1 Calibration Mode 

 Calibration mode converts the x-pixel numbers of CMOS image sensor to the 

corresponding wavelength spectrum. The calibration mode works in two phases namely image 

acquisition phase and conversion phase. The image acquisition phase gets the raw images from 

DevWare with the help of invoke function in activexserver [23]. The conversion phase helps to 

find the central pixel numbers which is used to find the parameters that define the relation of 

wavelength and pixel numbers. 

3.1.1 Image Acquisition Phase 

 The Image Acquisition Phase takes raw images from the CMOS sensor with the help of 

invoke function in activexserver from Devware (CMOS Sensor Software). 

3.1.2 Conversion Phase 

 A bright y-pixel in the incoming raw image is selected as shown in Figure-3.1.  
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Figure-3.1: Intensity versus Pixel number for a bright y-pixel 

 The 'findpeaks' function in matlab gives the maximum intensities of green and red 

monochromatic inputs and x-pixel numbers for those maximum intensities. A polynomial 

relation is formulated between the known reference wavelengths, λ1 and λ2 and central pixel 

numbers, x1 and x2 given by Eq. (1) and Eq. (2).  

        

2
1 1 1ax bx c               (1) 

        

2
2 2 2ex fx g               (2) 

Then 'polyfit' function of Matlab is used to find the values of a, b, c and e, f, g. These 

coefficients are averaged to find the values of m, n, o given by Eq. (3) , Eq. (4) and Eq. (5). 

       
( ) / 2m a e                 (3) 

       
( ) / 2n b f                 (4) 

       
( ) / 2o c g                  (5) 
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  Then these coefficients are substituted in the polynomial relation given by Eq. (6). 

      

2mx nx o                 (6) 

 Thus from Eq. (6), the wavelength spectrum is calibrated by substituting the x-pixel 

numbers which will give a matrix of 1440 wavelengths corresponding to 1440 x-pixels of the 

CMOS image sensor as shown in Figure-3.2.  

 

 

 

 

Figure-3.2: Conversion from x-pixel number of CMOS sensor to Wavelength Spectrum 
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3.1.3 Output of micro-spectrometer 

 The output of micro-spectrometer is shown in Figure-3.3. The spectral resolution of the 

micro-spectrometer is calculated by Full-Width at Half Maximum (FWHM). FWHM calculated 

for both green and red monochromatic input is 0.5 nm which defines the spectral resolution of 

the micro-spectrometer as 0.5nm in a 120 nm wide range of visible spectrum, from 525 nm to 

645 nm. 

 

Figure-3.3: Output of micro-spectrometer, Intensity versus Wavelength 

3.2 Measurement Mode 

 Measurement mode is used when the micro-spectrometer is already calibrated once. 

Measurement mode uses the calibrated data to provide the real-time output. The calibration mode 

saves the wavelength spectrum calculated from the x-pixel numbers of the CMOS image sensor 

in a mat file. The measurement mode uses these data to display the output of the micro-

spectrometer. 
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Chapter 4 

Conclusion 

A real-time high resolution integrated optical micro-spectrometer with a spectral 

resolution of 0.5 nm is demonstrated. The real-time display of output allows to capture the 

change in the output at once thereby facilitating the micro-spectrometer to be used in real-time 

devices. The use of built-in functions of matlab in this design helped to develop a simple 

algorithm for real-time image processing to display the output of the micro-spectrometer. Two 

reference wavelengths 532 nm and 632.8 nm are used in the algorithm to calibrate wavelength 

spectrum from the x-pixel numbers of the CMOS image sensor. The output of the micro-

spectrometer in this design has less noise as the intensities of the reference monochromatic 

inputs are attenuated which helped in reducing the scattered stray light from the glass substrate.  

 Future development includes further development of this algorithm to curve fit the data 

using data processing algorithms such as least square algorithms which allows for the accurate 

extraction of central pixel numbers. Suitable mapping algorithm can be developed to map the 

wavelength spectrum to the set of x-pixel numbers for the entire arc in a curved coordinate 

system instead of using a simple polynomial equation. An algorithm can be developed to average 

the intensity along the arcs corresponding to monochromatic inputs instead of selecting a single 

y-pixel of interest which enhances the sensitivity of this device thereby realizing an integrated 

optical device suitable for detection of signals from monolayer of molecules or a single 

molecule. 
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 A real-time integrated planar single-mode waveguide grating micro-spectrometer with 

high resolution of 0.5 nm in 120 nm wide range of visible spectrum, from 525 nm to 645 nm is 

demonstrated. A CMOS sensor is used for capturing the output image of micro-spectrometer. A  

f = 1cm lens is used to focus the diffracted monochromatic light onto the CMOS sensor. An 

algorithm is developed using simple polynomial equation which uses two known reference 

wavelengths to convert x-pixel numbers of the CMOS sensor to wavelength spectrum. The 

output of micro-spectrometer in this design has comparatively less noise than usual spectrometric 

measurements. This design uses built-in matlab functions such as 'findpeaks' to find the input 

laser peaks and the central pixel numbers for that peaks and 'polyfit' to find the coefficients 

essential for the calibration of wavelength spectrum.  
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