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Abstract

The intended goal of this project was to design a simple monochromatic laser projector. A laser projector is a device that - by way of a series of moving mirrors - traces a laser beam across a projection surface. The projector succeeds in drawing complex vector images as well as providing special effects.
The layout of the projector was straightforward. A fixed laser module is directed at a set of movable mirrors (mirrors mounted on so-called “galvanometer” motors
) which each have a maximum range of motion of ±10 degrees.
 By moving in defined ways, these mirrors would cause the laser beam to scan in the desired fashion.
Both the galvanometers and the laser were purchased products. The Atmel microcomputer was used to modulate (turn on and off) the laser as well as to control the movement of the galvanometers. The galvanometers possessed drive circuitry which dealt with inertial damping and other high order mechanical issues. The laser was a simple solid state, class IIIa (<5 mW) green laser that used a 3V DC supply. 

In addition to controlling the laser and the galvanometers, one of the push buttons on the Atmel board was used for human interfacing. A series of images were preloaded in the board’s flash memory or RAM, and a press of a push button would allow the user to scroll through the images.
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Functionality Requirements

The purpose of this laser projector was twofold:

1. To be able to draw vector graphics of moderate complexity on a projection surface.

2. To be able to produce visual effects.

The first goal was aimed at being able to draw images as complex (and possibly moreso) as the ILDA test pattern
.  This was reasonably successful, as we were able to draw several images of moderate complexity such as the Coca-Cola logo.  However, due to hardware limitations in the design, our projector was incapable of the precision necessary to properly draw the ILDA test pattern itself.  The second goal, of being able to produce visual effects by drawing (relatively) simple images (such as a line or a circle) in a room filled with a particle dust (e.g. fog, smoke, etc.) was accomplished as well. 
For ease of use, the projector was to be able to move between multiple display images without having to re-flash the board’s software. This goal was accomplished by pre-loading multiple images into the board’s memory. However, the secondary goal of using a status LCD and keypad for human interfacing was dropped due to time constraints.
For the purposes of image projection, the projector was designed to display on a projection screen inside any of the classrooms in ETLC. These range from relatively small (3 metre by 3 metre) screens in the second floor classrooms to the large (5 metre by 5 metre) screens in the downstairs lecture halls. The projector was to be able to fill these screens when placed between 5 and 10 metres from the screen. This range of distances is picked to allow for convenient placement in a classroom or lecture hall setting. Data projectors in CME and ETLC classrooms are placed approximately 5m from the screen whereas data projectors in ETLC lecture theatres are roughly 10 metres from the screen.  This goal was accomplished – in our demonstration, the projector only needed to be a few meters away from the projector screen in one of the ETLC classrooms to fill the screen.
For the creation of effects, the particular size of the image is not always as important, since for effects, it is the visibility of the beam in the air rather than on a surface that is important. There are, however, certain dimensions to bear in mind. For providing an entertaining set of effects in, say, a 700 square foot apartment with a living room 4 metres by 10 metres by 3 meters in size, the “Liquid Sky” effect should have a width of at least 4 metres at a distance of 5 metres from the projector in order to fill more than half the room with a “Liquid Sky.” The tunnel effect should have a radius of at most 1 metre at a distance of 10 metres from the projector, in order for the entirety of the tunnel to be visible inside the room. These goals were accomplished. The desired size and intensity of the images was maintained. The images are visible at a range in excess of 10 metres in typical indoor light. Effects which diffuse the laser intensity (i.e. by scanning) are more difficult to see at a distance of greater than 5 metres.
Display Calculations
If the mirror displacement is left at ±10°:

Display width = Display height = 2*tan(10°)*[distance]

	Projector Distance (m)
	Max. Image Dimensions (m)

	1
	0.353 x 0.353

	5
	1.763 x 1.763

	10
	3.527 x 3.527


A note on drawing vector images:
Laser projectors are designed to display a certain number of points (equivalently, vectors) per second. As such, the refresh rate of an image will vary depending on how many points the projector has to draw in that image.  ILDA files are built in such a way that there is meant to be a constant amount of time between two points, i.e. it will take the same amount of time to go from (0,0) to (0,100) as from (0,0) to (1000,1000). A projector’s maximum refresh rate or speed is often quoted in kilo points per second (kpps).

Brightness:
This projector is intended to be used in a dark room with a low level of ambient and direct light. Due to the high coherency of the beam (see Functional Requirements section, Laser specifications) the power density of the beam decreases very little with distance. The power density was measured to be approximately
 4.5 mW / (25 mm² * PI) = 57 W/m² (compared with ~1 kW/m² for direct sunlight.)

Key Components Required for Functionality

The functionality of this project is contingent on the availability of a number of parts:


1. Galvanometers

2. Laser module

3. Mounting surface

4. Non-inverting Amplifier w/ voltage offset (x2)

5. Inverting Amplifier w/ voltage offset (x2)

6. BJT Switch

7. Low-Pass Filters (x2)

A note on the laser module:
A class IIIa green laser is the ideal piece of equipment for this projector.
 A continuous wave laser module is necessary; pulsed diodes will produce a discontinuous line.
A note on the mounting surface:
A machined metal panel was purpose built to house the components. This panel had the added benefit of serving as a heat sink for components.
A note on the galvanometers:
The galvanometers are actually a packaged set of the motors, mirrors, and driving circuitry. Each galvanometer motor has a corresponding driver board which accepts a differential input signal (V+ and V-) of ±5 volts. The driver board deals with inertial compensation, signal amplification, frequency damping, and the deflection range of the galvanometer motors. Feedback is available for each galvo via a ±5.5 V feedback line.

The particular model of galvanometers used in this project is capable of a number of different speeds based on the chosen mirror deflection.
 The galvos have arrived tuned at 30 kpps with a deflection angle of ±20° and as the calculations above illustrate, there is no compelling reason to modify these parameters.
Microprocessor Capability Requirements:
· 128 KB of RAM
The ILDA 12K test pattern is approximately 9KB in size. To support multiple (potentially more complex images) at least 128 KB of RAM is recommended. Most ILDA files which display a single image are only a few kilobytes in sizes, while animations are larger; this compact file size allows for a number of images to be stored in the available RAM memory.

· That the DAC is capable of 30,000 0-[Max Voltage] swings per second (in the worst case.)
 The Data Output Register has a settling time of approximately 5µs, meaning that it is easily capable of the number of swings required. (1/5 µs = 200 kHz > 30 kHz.)

· The DAC is capable of two different modes of operation: 8-bit mode, and 10-bit mode.  However, the ILDA file standards use 16 bits for transmissions – as a result, down-sampling of the data contained in ILDA files to remove the least significant bits in coordinate positions will be necessary. 10-bit mode will thus be used, as it allows us to send more information at a time to the galvos with the least amount of precision lost.

Signal Amplifiers
In order to provide sufficient voltage to the galvanometer driver, we will need to build a simple inverting amplifier for each of the signals. Further, an identical gain but non-inverting amplifier will have to be constructed.  As each galvanometer has 2 channel inputs from which it does difference calculations to compute the final signal, to avoid noise variations we will need to give each galvo two equal in magnitude yet opposite in sign signals.  As we will be outputting a voltage in the range of 0-2.5 V on each DAC, while the range available to each galvanometer input is ±5.0 V, we will need to build an inverting and a non-inverting amplifier for each galvo.  Each amplifier will produce a magnitude gain of 4 while also pulling down the final signal by 5.0V, allowing us to produce the full range available to each galvo.
Modulating BJT Switch

The laser being used for the laser projector currently has an on/off switch attached to it – thus, a BJT switch will be required in order to tell the laser when to turn on and off as specified in ILDA files.  This switch must cut off the output current when the input voltage is 0 V, while when 3.3 V (the active “high” signal given by the board) is given over the switch's input channel, current will flow and the laser will be turned on.  Furthermore, it is not enough to make 3.3 V the point where the BJT first activates – we must configure the switch such that when 3.3 V is given the laser light given off is sufficiently bright enough to the human eye for proper daytime visibility, yet does not draw an excessive amount of current at 3.3 V. (The laser light must be bright enough such that when we are drawing a full image, it is not dim to the point where we are unable to make out the individual points being drawn).

Low-Pass Filters

The Digital-to-Analog converters of the Atmel board possess a reasonable amount of high frequency noise.  This causes a lack of precision in the point being output by the laser, as the extra noise causes the mirrors to vibrate excessively and create a visibly imprecise display. The high frequency component of this noise can be reduced or eliminated by applying a low-pass noise reduction filter with a cut-off frequency of 50 kHz to each DAC, in order to clean up the waveform and improve the quality of the image being produced.
Design and Operation


[image: image1]
Figure 1: Block Diagram
The laser will be a class IIIa 5 mW green laser. The laser will be mounted on a height-adjustable stand pointing at the galvanometer X-plane scanning mirror. The FPGA board and associated driver circuitry (laser modulator, power supplies, galvanometer drivers, etc.) will be mounted behind the laser itself.

Note: The laser beam should strike the X-scanning mirror before the Y-scanning mirror.

The Atmel board will be connected primarily to three external components (excluding optional components.) The first is the laser driver. This will be used for turning the laser on and off during operation. The laser driver will be connected to a BJT switch, which in turn will be connected to a digital output pin for TTL digital control.

BJT Switch Specifications
	Vcc = 3.0 V
V1 = Input Voltage (0-3.0 V)

V1(trigger) = 2.7 V

Ic = 0.3 A

B = 198

Ib = Ic/B = 0.3 A / 198 = 1.52 mA

Vtrigger = Vinput - Rb*Ib
Rb = (V1(trigger)-0.7 V)/Ib = (2.7 V-0.7 V)/1.52mA = 1.32 kOhm

Current on laser insufficient with these values, so via trial and error Rb was decreased to 90 Ohm
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Figure 2 : BJT Switch for Laser




Amplifier Specifications
It is necessary to amplify and dual the DAC output signal. For this purpose, each DAC output will be attached to two parallel amplifiers. These amplifiers (one non-inverting, one inverting) will serve to map the DAC’s voltage output range of [0, 2.5] V to [-5, 5] V and [5, -5] V respectively. In addition to this purpose, the amplifiers will minimize the amount of current drawn directly from the Atmel board.
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	Vout = (1+Rf/Rg)*(Voffset/(1+Roffset/R) + Vin/(1+R/Roffset))

We want gain: (1+Rf/Rg)/(1+R/Roffset) = 4
And offset: Voffset*(1+Rf/Rg)/(1+Roffset/R) = -5 V
Voffset = -5 V

Rg = R = 3 kOhm
Roffset = Rf = 12 kOhm
	Vout = -Vin*Rf/Rg – Voffset*Rf/Roffset

We want Voff*Rf/Roffset = -5V

and Rf/Rg = 4

V​offset = -5 V

Roffset= Rg = 3 kOhm

Rf = 12 kOhm

Rb = 0


A note on op-amp requirements:
If the galvanometers are to be driven at 30 kpps, the most strenuous (worst case) driving signal available would be a (0, 2.5) V square wave at 30 kHz. The LMV710 is quoted as having a Gain-Bandwidth Product of 5 MHz at 5 V supply voltage, so for a gain of 4 the amplifier’s bandwidth becomes 1.25 MHz, well above the required bandwidth of 30 kHz.

Resistors of values 3 kOhm and 12 kOhm were used for both the inverting and non-inverting amplifiers – these were chosen due to their availability and to use as few varieties of resistors as possible to ensure as much consistency as we could.
Also, the slew rate required is (in the worst case) 10 V in 30 kHz = 3 V/µs. The LMV710 data sheet specifies a slew rate of 5 V/µs as the slower of the positive and negative slew rates, which is within specification.

As well, in order to maximize the precision of the amplifiers, each op-amp had a 5 kOhm potentiometer in between its output line and the galvanometers in order to allow for fine tuning of the output signal.
Low-Pass Filter Specifications
In between each DAC and amplifier unit will be a low-pass filter to reduce the high frequency noise present on the DAC outputs.  This filter will should have a cut-off frequency in the area of 50 kHz to ground-out as much high frequency noise as possible while passing the signal frequencies.
	F(cutoff) = 1/(2*Pi*R*C)

C = 0.1 µF

R = 30 ohm

F(cutoff) = 1/(2*Pi*0.1µF*30 ohm) = 53.1 kHz 
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Figure 5 : Low-Pass Filter for DAC




Laser Specifications

The laser implemented in the projector is a 5 mW diode and associated control circuitry taken from a LaserGlow Orion-series laser pointer. The module consists of the laser diode and a control board which is responsible for current limitation (Imax < 260 mA, typically.)
Beam divergence
Point diameter at 1 m measured to be ~2 mm.
Point diameter at 10 m measured to be ~5mm.

Divergence = (5 mm – 2 mm) / (10 m – 1 m) = 0.556 mm / m

Parts List
Part: ScanPro30 Galvanometer Kit
Vendor: www.lasershowparts.com
(http://lasershowparts.com/store/index.php?_a=viewProd&productId=68)
Info: 30,000 point per second galvanometer
Cost: $200 with shipping

N.B.: This part has been ordered from another supplier (conneticuitlasers.com) but a link is provided to the original retailer’s page for a complete specification description.

Part: Galileo-5 532nm Green Laser Pointer
Vendor: www.laserglowtechnologies.com (http://www.laserglow.com/GGA)
Cost: $89.00 + shipping
Info: 5 mW, class IIIa laser. Rated for 100% duty cycle in its aluminum case
Miscellaneous Parts

Part: LMV710 Quad Op-Amp or similar (x1)
These will be used to implement the buffer and inverting amplifiers.
Info:
Slew rate > 3 V/µs (5 V/ųs Typ)

 Takes a reasonable supply voltage (±5 V)
Datasheet
Table of I/O Signals

	Signal
	Point 1
	Point 2
	Nature

	Galvo X (Analog) 

(0-2.5V)
	Atmel DAC0
	Galvo-X Amplifiers
	This signal will be amplified into two +/- 5V DC signals of opposing sign used to drive the X scanner

	Galvo Y (Analog)

(0-2.5V)
	Atmel DAC1
	Galvo-Y Amplifiers
	This signal will be amplified into two +/- 5V DC signals of opposing sign  used to drive the Y scanner

	Amplifier Positive Outputs
	Galvo-X +Amp,

Galvo-Y +Amp
	Galvo-X driver board +

Galvo-Y driver board +
	These are the non-inverting portions of the galvo inputs

	Amplifier Negative Outputs
	Galvo-X -Amp,

Galvo-Y -Amp
	Galvo-X driver board -

Galvo-Y driver board -
	These are the inverting portions of the galvo inputs

	Laser Modulation
	GPIO[1]
	BJT Laser Switch
	This signal is used to engage or blank the laser beam


Power Consumption

Atmel Board

The DC adapter provided with the Atmel board is rated at no more than 3 W of power. The precise power consumption of the board is difficult to measure without the use of a wall power clamp.

Galvanometers

The precise power consumption of the galvanometers changes with the pattern being displayed. The two output lines used on the galvo PSU (+24 V and -24 V) are each rated at 1.2 Amperes, for a maximal power draw of 57.6 W in the worst case. Measurement of actual power is difficult without a wall power clamp.
Laser

The laser module consumes variable amounts of power depending on its temperature. The maximal power draw observed was 3V * 0.27A = 810 mW and the minimal draw was observed to be 3V * 0.169 A = 507 mW. Since the laser is pulsed during normal operation, the actual power consumption is likely to be less than these values.
Software Design
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The software is designed to function as follows:

· ILDA (.ild) files, containing information on what images to draw, are parsed by a program which reads the image data and converts it into arrays of shorts containing X and Y coordinates, and an array of chars for laser modulation information for every point in the image.  Every set of points, at this time, has its range adjusted from + 32,768 to fit within a 10-bit range of 0-1023 (downsampling is done on each point, causing a loss of precision). 

·  These arrays are then added to the program in the form of creating a subroutine for that image telling it to iterate through these arrays in sending a signal to the DACs.  Any extraneous information not needed by the software that is stored in these ILDA files is ignored.  The subroutines will then use the number of points in each frame in order to determine the frequency of total point transmission to ensure that the image’s refresh rate is slow enough that the laser is capable of being modulated fast enough to draw the image, but fast enough such that the full image is visible to the naked eye.
· These signals are then converted into voltages usable by the galvos, and the X and Y coordinate information will be sent over the DAC to the galvos.  Furthermore, the on/off information is transmitted in tandem to the pin providing an on/off signal for the BJT hooked up to the laser. As noted above, a certain degree of precision is dropped when converting the signals to those usable by the galvos, due to hardware limitations on the Atmel board’s DAC.

Furthermore, the .ild file currently being displayed by the galvos will be determined via a push button on the Atmel board itself. With each button press, an interrupt is generated, causing the projector to cycle to the next image pre-programmed into the Atmel board’s RAM.  This image is then immediately drawn.  Upon reaching the last stored sequential image in the RAM, on the next button press the first image will again be selected.  The number of images stored here is limited only by the amount of RAM available to the system.

Test Plan
Software:

· Test the IDLA file parser by passing in several ILDA test files to ensure they are being read in properly. This will test multiple frames in a file, as well as varying quantities of points.

· Test that the signals being sent through the DAC by the system are being correctly interpreted from the internal containers storing the ILDA files by comparing the output data values. Ensure that downscaling of the signal is occurring properly. 

Hardware:

· Amps: Hook the amps up to an oscilloscope, and test the input/output waveforms to ensure proper functionality.

· Galvanometers: Hook up to a power supply, and vary the input voltages by hand to test that the mirrors indeed move correctly.  Next, hook up each channel individually to the oscilloscope, and run a sine wave iterator to further test proper operation.

· Galvanometers successfully run using oscilloscope signals as well as from the Atmel board

· Final tests: Run several ILDA files through the device, and check to see whether or not they are drawing the correct images.

· Results: Able to draw a wide variety of reasonably complex images well. ILDA test pattern and grid test pattern unable to be drawn reasonably beyond ± 10° of deflection.

· Take the projector into an amphitheatre setting an examine image brightness.

· The projector was of suitable brightness to be able to be seen throughout ETLE 1-017 with dimmed lights.

Results of Experiments

Brightness Experiments
After taking the laser projector into a variety of venues and light settings it was determined that it is suitable to be used in almost any setting except outdoors in direct sunlight.

Amplifier Expermients

After building the amplifiers, it was discovered that they needed to be precisely tuned to be equal but opposite in magnitude. They were drive with the function generator and tuned with an oscilloscope and the installed potentiometers. At this point it was noticed that the frequency response of the amps between 0 and 30,000 Hz was not uniform, with the output level decreasing at approximately 66.7 microvolts per second.

Image Complexity Experiments

Two distinct test patterns were downloaded . One was the standard ILDA 30K test file and the other was a simple grid. Neither of these test files were able to be displayed accurately at a deflection of more than ±10°.
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Appendix A: Quick Start Manual
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Figure A- 1: Pin Layout on the Control Board
To set up the system quickly, follow the following steps:
1. Connect the power supply headers to the appropriate pins on the control board using the attached pin headers.  Power supply headers are colored and labelled in the same manner as the physical component.  The arrows on Figure A-1 indicate the relative placement/orientation for plugging in the headers.  Proper orientation of the headers can be determined by the markings on the board indicating the header direction, as well as by observing where the wires are attached going into the header vs the unconnected pins on the headers.

2. Connect the output pin headers attached to the galvanometer to the system out pins on the control board.  The header with a black wire on the end connects such that the black wire is connected to the LSR pin (colour-coded above in Figure A-1), and the other output header is connected such that the red wire is connected to the X+ pin as indicated.
3. Attach the JPAD/DA header to both the Atmel board and the control board in such a way that the labelled pins are connected as shown in the diagram.

4. After properly orienting the galvanometer board so that the laser will not be pointing towards anyone, plug in the galvanometers. (Do not apply an input voltage to the galvanometers at this point. They auto-calibrate when they first turn on.)
5. Connect the power supply headers to the appropriate voltages (without powering them on) and set the laser’s current to approximately 300mA.
6. Power on the power supplies and then power on the Atmel board.

7. If the source code provided is flashed onto the board in its current state, the board with start up with a point moving slowly up and down in the vertical direction. Pressing SW2 on the Atmel board will iterate through a series of images (some of which are blank.) If all images are legible, the board is working. Notably, the Tektronix and Coca-Cola logos should be of high quality.

Appendix B:  Future Work

There are several steps that could be implemented by future groups:
· The onboard DACs could be replaced by four 16-bit, off-board DACs capable of producing voltages from 0-10 V.  This would allow for the elimination of the op-amps and the introduction of greater precision into the laser projector.
· Replacing the BJT used to control the laser with a better system to control the laser, such as a laser modulator, would allow for a greater response time in turning the laser on and off.  Currently one of the biggest limiting factors in drawing images is the response speed of the laser when it is given an on/off signal – if this were to be improved images could be drawn faster.
· A manual control interface. In this situation a mouse or touchpad would be used to control the movement of the laser beam in real time.

· Network functionality. Here, human interfacing could also be done through the network. For example, a user with a Nexus One phone could connect to the projector by Bluetooth or Wi-fi to change the images or to provide manual control inputs.

· Animations.  The ILDA file standard used by laser projectors supports storing multiple frames in a single file - it would thus be feasible to run animated images using the laser projector.

· Raster display functionality. In this case, the projector could be put into a mode where it displays raster images instead of vector ones.

Appendix C:  Hierarchical Schematics
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BJT Specifications
	Vcc = 3.0 V

V1 = Input Voltage (0-3.3 V)

Rb = 90 Ohm
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Amplifier Specifications
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	Voffset = -5 V

Rg = R = 3 kOhm

Roffset = Rf = 12 kOhm
	V​offset = -5 V

Roffset= Rg = 3 kOhm

Rf = 12 kOhm

Rb = 0


Low-Pass Filter Specifications
	F(cutoff) = 1/(2*Pi*R*C)

C = 0.1 µF

R = 30 ohm

F(cutoff) = 1/(2*Pi*0.1µF*30 ohm) = 53.1 kHz 
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Appendix D: Source Code
See g9Source.zip
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Atmel Board Source Code
etc.h – This file has a list of #defines and function prototypes used in the C files [T]
etc.c – This file contains all auxiliary functions, including the subroutines to draw each of the pre-loaded images [T]
main.c – This is the main file which includes the interrupt handlers and main loop [T]
myASM.arm – This assembly file contains the assembly interrupt handlers as well as the  EnableInterrupt() function which enables interrupts on the Atmel board [T]
Additional Source Code

Ildaparser.c – Reads in ilda files passed to it, parses, and exports the data in a series of static arrays in images.let [T]
�Figure � SEQ "Figure" \*Arabic �3�: Non-Inverting Amplifier with DC offset





�Figure � SEQ "Figure" \*Arabic �4�: Inverting Amplifier with DC offset





Figure � SEQ "Figure" \*Arabic �6�: Block Overview of Software Functionality
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Figure D- � SEQ Figure_D- \* ARABIC �1�: Hierarchy of Data Flow








� Galvanometer motors work on the galvanometric principle (commonly applied in analog ammeters.) These motors are chosen in industry for their rapid response time and simplicity.


� The radial displacement of the galvanometers is configurable, and this set has been pre-tuned to ±20° by the retailer.  However, this full displacement results in too much image distortion in our projector.  It has thus been tuned to 10°, for which the scanner performs well at 30,000 points per second (pps).


� For examples, see �� HYPERLINK "http://www.youtube.com/watch?v=VnzsxEK1E4c" �http://www.youtube.com/watch?v=VnzsxEK1E4c� (“Liquid Sky” effect)�� HYPERLINK "http://www.youtube.com/watch?v=p-V9-EMqw2I" �http://www.youtube.com/watch?v=p-V9-EMqw2I� (Tunnel effect)�� HYPERLINK "http://www.youtube.com/watch?v=7JC4zHA-rgs" �http://www.youtube.com/watch?v=7JC4zHA-rgs� (“Starburst” effect)


� See � HYPERLINK "http://www.pangolin.com/ILDAtest.html"��http://www.pangolin.com/ILDAtest.html� for details.


� At a distance of 10 m


� See � HYPERLINK "http://edmall.gsfc.nasa.gov/inv99Project.Site/Pages/science-briefs/ed-stickler/ed-irradiance.html" �http://edmall.gsfc.nasa.gov/inv99Project.Site/Pages/science-briefs/ed-stickler/ed-irradiance.html� for details on the solar constant.


� Class IIIa does not require the same rigorous safety procedures as a class IIIb laser would but still produces a sufficiently bright image.


� ScanPro30 Manual: � HYPERLINK "http://www.lasershowparts.com/files/Manuals/SCANPRO/SCANPRO30.pdf" �http://www.lasershowparts.com/files/Manuals/SCANPRO/SCANPRO30.pdf�


� This would correspond to a maximal amplitude square wave @ 30 kHz


�  LMV710 Data sheet (http://focus.ti.com/docs/prod/folders/print/lmv710.html)
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