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Abstract 

 
The Optical Spectrometer is a device that measures the intensity of light as a function of 

wavelength. This implementation of such a device uses a linear Charge Coupled Device 
image sensor, a 32-bit microcontroller from STMicroelectronics, present in the 
STM32F103 family, to interface with the said sensor and a custom 3D-printed enclosure 
that contains a diffraction grating which separates the light into the individual 
wavelengths that need to be quantified.   

1 Introduction 

An Optical Spectrometer is a device, usually of electronic type, which can measure the 

intensity of light as a function of wavelength. In other words, the device splits a light beam into 

its each individual wavelength and measures the intensity of each one, essentially creating a 

map of its spectrum. 

This practical implementation of an optical spectrometer consists of a linear Charge 

Coupled Device image sensor, the TCD1304AP from Toshiba, which comes in a custom DIP 

package and has 3648 effective pixels, a 32-bit microcontroller from STMicroelectronics, 

present in the STM32F103 family, to interface with the CCD image sensor, and a custom 3D-
printed enclosure to precisely encapsulate the presented components in addition to the 

diffraction grating, which is used to separate the beam of light into individual wavelengths. 

The optical spectrometer has two main applications. One is to analyze the spectrum of a 

light source, for example if we want to measure the performance of a high-powered LED array. 

The other application is to analyze the composition of a substance by placing it between a 

reference light source and the spectrometer. The latter is based on the nature of interaction 

between the substance and the beam of light, which can either be absorption, meaning a specific 

part of the spectrum will have a lower intensity, or emission, indicated by the fact that the 

material radiates energy. 

The main purpose of this project is to provide an easy to build device, with components that 

are cheap and readily available from various suppliers and with a maximum flexibility that an 

open-source license can offer. It needs to be mentioned that the word “cheap” used in the 
previous sentence does not denote the performance of the device, but is used to impose the high 

level of performance to price ratio.        

 In the following chapter, each individual component will be presented. A graphical 

representation is available in Fig. 1.  
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Figure 1: Block diagram of the proposed spectrometer. 1 – Image sensor; 2 – 

Microcontroller board; 3 – Diffraction Grating; 4 – 3D Printed enclosure; 5 – Light slit; 6 – 

Light source. 

2 Components 

2.1 Image sensor 

The imaging sensor, as presented in the introduction, is a Toshiba linear CCD, part number 

TCD1304AP. It has 3648 pixels, each having a width of 8µm, which dictate the resolution of 

the spectrometer. It has a voltage rating on all its pins of -0.3 to 7V, which means that it is 

compatible with our microcontroller, which uses 3.3V for its GPIO1 pins [1]. 

Its main characteristics that made it the best choice for this application are the high 

sensitivity and low dark current which translates to low noise whilst not needing a very 
powerful light source. Two other key points were the low price, less than two digits in USD and 

availability.  

One of the most complex parts of this project was driving the CCD sensor and capturing the 

output. Functionality wise, the integrated circuit has four pins that interest us, besides the 

supply: Master Clock Pulse Voltage (ϕM), Shift Gate (SH) Pulse Voltage, Integration Clear 

Gate (ICG) Pulse Voltage and the Output Signal (OS). These are also presented in Fig. 2. 

The Master Clock must be a clock signal with a frequency between 0.8MHz to 4MHz. For 

our application, we will be using a frequency of 1MHz.  

The SG and ICG are used to control the integration time. To use the electronic shutter 

function, the SH pulse needs to have a period smaller or equal to ICG, but not less than 10µs.  

Additionally, we can see from Fig. 2 above that the number of elements is 3694, but the 
total effective pixel number is only 3648. This is a consequence of having a number of 46 

dummy pixels. 

The output of the sensor is defined as follows: 

 

                                                     VVV OUTSAT 3                                                          (1) 
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     Figure 2: Timing chart – use electronic shutter function [1] 

 
In relation (1), VOUT has a maximum voltage of 3V and VSAT denotes the voltage when a 

pixel is saturated, meaning that the light hitting the sensor is at its maximum. This is essentially 

our analog output which is inversely proportional to the intensity of light, meaning that in 

darkness the sensor will output 3V and, when saturated by light, VSAT, which is equal to 0.6V.  

The OS (output) signal has a frequency of ϕM/4 = 250KHz, meaning that for every 4 

periods of master clock, the value of a new pixel is shifted to the output signal, until either a 

new ICG pulse commences or all 3694 pixels have been in rotation, including the dummy ones. 

(Ideally, these two moments will coincide)  

2.2 Microcontroller 

For this project, the requirements for a microcontroller are not very harsh, but there are still 
some key points that need to be followed. For starters, four timers are needed, one for each 

signal and an additional one to control the ADC sample start time, a high clock frequency to 

allow us to output a master clock of at least 0.8MHz and an integrated ADC to remove any 

additional external circuitry which may add additional noise.  

One device that can fulfill all the necessary tasks is the STM32F103C8T6, which is a device 

from the mainstream performance line of STMicroelectronics. The MCU contains an ARM 32-

bit Cortex M3 CPU Core, which can be clocked as high as 72MHz. Additionally, it has 37 

GPIO, which are more than enough for this application, up to three USART communication 

interface, but only one will be used, four 16-bit timers, and, one of the most critical parts, a 12-

bit A/D which can be clocked up to 14MHz. 

One of the most important features of the microcontroller is the capability of the timers to 

output PWM signal directly on the output pins, which can be automatically configured, thus 
reducing strain on the CPU. This means that all three signals required to drive the imaging 

sensor, the ϕM, the SH and ICG, can be driven by the timers.  
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2.3 Diffraction grating 

The diffraction grating is the optical element of this project. It is a passive optical 
component which has a periodic structure, a plastic film whose thickness varies, sort of like a 

comb, thus diffracting the light passing through it into several beams travelling in different 

directions which are dictated by their particular wavelengths [2]. After the light passes through 

it, several beams of light are created. The zero-order mode, as it is called, is present 

perpendicular to the element, as if the diffraction grating didn’t even exist. We are not 

interested in this mode. First order mode, which is what we want, is where the full spectrum is 

present at its highest intensity. The zero-order mode and first order mode can be observer in 

Figure 3.    

 

      
  Figure 3: Diffraction grating with zero and first order mode 

 
For this application, a diffraction grating with 1000 lines/mm is chosen to obtain the 

smallest device possible whilst maintaining a decent price.  

To calculate the distance between our imaging sensor and the diffraction grating, so that the 

full spectrum can be measured, the following formula will be used [3]: 

 

d

Dm
y


                                                                    (2) 

 

where y is the displacement, m is the order, λ is the wavelength, D is the distance between the 

diffraction grating and the sensor and d is the slit separation. For a visible spectrum, from 

400nm to 700nm (violet to red) and knowing that the sensor size is 29.1mm (8μm * 3648) we 

obtain from equation (2) a distance between the optical element and the sensor of 9.7cm and the 

displacement distance is 3.88cm.   

2.4 3D-printed enclosure 

Unlike most electronic project, where all that is needed is a breadboard or a development 
board, the optical spectrometer needs a custom-made enclosure so that the position of the sensor 

and the diffraction grating is either constant or can be put into a fixed position accordingly to 

the values presented in the previous sub-chapter.  
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One of the best solutions is a 3D-printed enclosure. Nowadays, resolution of a few hundreds 

of micrometers is easily achievable using any commercial FDM
2
 3D printer. The prototype 

shell is presented in Fig. 4. It has a slit on the top right side, with a width of 1.5mm, to let the 

light in and two slots to place the diffraction grating. The two slots are there in case we want to 

either analyze the spectrum in the range of 400-700nm or in the range of 400-900nm. It is 

designed in such way that there is enough room to position the optical element in both 

positions. At the bottom, there is an opening where the top of the integrated circuit 

TCD1304AP will be placed.  

The material used to 3D print the enclosure is black PLA. Only the color is critical, as it 

doesn’t reflect any light to interfere with the measurements, for example the second order 

diffracted light. The type of material has been chosen because of its availability and price.  
 

 
 

      Figure 4: Rendered model of the 3D-printed enclosure 

3 Schematic 

The hardware side of this project does not pose a big threat. On the logic side of the circuit, 

the microcontroller used is placed on a development board with all the pins needed easily 

accessible using pin headers. It is powered by a +5V rail which comes from the USB connector 

mounted on the device. The breakout board includes a low dropout voltage regulator to supply 

3.3V to the microcontroller.  

The KiCAD schematic of the circuit is present in Fig. 5. Pins A7, B7 and B3, which are the 

timer outputs, are buffered by the logic inverter 74HC04 IC, which is then routed directly to the 

TCD1304. The output of the imaging sensor is amplified using a PNP transistor, 2SA1015. A 

current limiting resistor is used in the base of the said transistor and a pull-up resistor on the 

emitter of the transistor, ensuring a common collector topology, with an amplification of “1”. 
This is the output which goes to the second channel of the ADC present inside the 

microcontroller.  

Two filtering capacitors are used, one with a value of 100nF and another one with a value of 

10μF. Both must be rated for a voltage of at least 10V.   

The practical implementation of the can be seen in Fig. 6.  

                                                
2 Fused Deposited Modeling: a 3D printer produces a design by depositing platic material layer by layer 
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Figure 5: Optical Spectrometer schematic drawn in KiCAD 

 

 
 

Figure 6: Practical implementation of the spectrometer. 1– Slit, 2 – Diffraction Grating,  

3 – STM32F103 board, 4 – TCD1304 Sensor, 5 – UART to USB device 

4 Firmware and Data Manipulation 

The software side of this project is arguably the most difficult one. Starting from the 

beginning, the clock is configured in such a way that the operating frequency of the 

microcontroller is 28MHz.[4] This allows us to set up Timer2 to a period of fclk/28, which is 

1MHz, right near the typical value of TCD1304’s master clock. Timer3 and Timer4 can then be 

set up to generate our ICG and SH pulses. There are multiple requirements in the datasheet: 

ICG pulse need to be at least 1µs longer than SH and SH needs to have a minimum pulse width 

of 1µs. Taking this into consideration and the fact that reading all the pixels (including dummy 

ones) takes at least 3694 / 250KHz, which is approximate 15ms, we need to choose a period for 

ICG which is a multiple of SH (or equal) and is greater than 15ms. The value chosen is 20ms, to 
be on the safe side, this means that Timer3 is configured to a period of fclk/(28*20000). The 
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last timer, Timer4, which generates the SH pulse is configured to a value of fclk/(28*20). The 

pulse width of these last two timers is set to a value of 5µs, respectively 1µs. The real outputs 

available at the pins of the TCD1304 can be seen in Fig. 7. These timers are configured in 

“PWM Generation” so that the required signals are available on pins PB3, PA7 and PB7. To be 

noted that the master clock has a duty cycle of 50%.   

Timer1 is set on “Output Compare” mode, with no output, at a frequency of fclk/112, which 

is four times smaller than the master clock. Configuring the NVIC3 right allows Timer1 to 

generate an interrupt request when Timer1 overflows. In other words, when the Timer1 start a 

new period, it generates an Interrupt Request which instructs the CPU to execute our own 

Interrupt Routine. In this project, the Interrupt Routine consists in starting the ADC, reading the 

value of the ADC and placing it in a vector which contains all the pixels. Usually it is not 
recommended to use the ADC whilst in an Interrupt Handler, but here we can make an 

exception because we know that we have enough time. The ADC is set to a sample time of 13.5 

cycles. With a frequency of 14MHz (ADC frequency, not the Cortex Core clock), this means 

that reading the ADC takes about 1µs. Our window between the readings is about 4µs, which is 

more than enough. Timer1 is started in yet another Interrupt Handler, this time the one that 

belongs to Timer3 – ICG pulse. In conclusion, the reading is done periodically, when the ICG 

pulse is generated.  

 

 
 

Figure 7: Oscilloscope screenshot of the ICG and SH signals (after the inverter) 

 

Finally, after all 3948 pixel’s values have been acquired, the entire vector is sent over 

UART to the PC. The serial port is configured as follows: the Baud rate is 115200 bits/s, the 

word length is 8 bits and just one Stop bit.     

To analyze the data transmitted by our optical spectrometer, we can use any terminal that 

has the option to copy the received data to either clipboard or to save it as a “.csv” file. This 

data is then imported into Microsoft Excel and displayed on a graph as in Fig. 8. To eliminate 
error, we can make five readings for every pixel, import all data in Microsoft Excel where we 

eliminate the two most extreme values (the highest and the lowest) and finally we average the 

remaining three, which leaves us with a reading that is mostly guaranteed to be free of random 

errors. 

                                                
3 Nested Vectored Interrupt Controller  
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Figure 8: Graphical representation of a beam of light hitting the center of the sensor 

5 Conclusions 

With this project, the aim was to build an affordable, easy to build and user friendly 

spectrometer. From the start, we knew that the spectrometer would need to be heavily calibrated 

against another fully functional one to achieve great results. The device in now functional and 

data can be extracted, but it has not been yet calibrated. In the future, we would also like to 

obtain more consistent results. 

The prototype will suffer improvements regarding the optimization of the placement of the 

components. We intend also to create a software utility to provide a friendly interface for the 

end user.    
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