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Executive summary
This project aims to increase the tools available to new technological developments, by
exploring the benefits of an alternative triangulation-based rangefinder design. This is
accomplished by replacing resolution restrictive components of existing triangulation systems,
such as CCD sensors, with analogue or high resolution components. Higher resolution, higher
speed components are hoped to increase accuracy and allow further detectable ranges.
A working prototype was designed and constructed from simple, cheap parts. Results show the
prototype matches the detectable ranges of most existing triangulation- based range finders,
and retains the ability to be configured to focus on specific detection ranges.
The constructed device has many known opportunities to be upgraded. By replacing
components with well-developed “off the shelf” technology, it remains possible that the
proposed design could exceed the benefits of existing triangulation-based range finders.
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Abbreviations and Terminology
A/D

Analogue to Digital, a means of converting an analogue signal to a readable
digital value;

AC

Alternating Current, electrical current flowing in alternating directions;

CCD

Charge-Coupled Device, an imaging sensor used in cameras and existing
triangulation based range finders;

CCS

Code Composer Studio, the software package used to program and download
microcontroller programs;

CD-ROM

Compact Disc Read Only Memory, a common data storage device, used here
to acquire infrared laser diodes;

CPU

Central Processing Unit, the primary processing component used in
computers;

DC

Direct Current, electrical current flowing in a constant direction;

DVD

Digital Video Disc, a popular data storage device, used here to acquire visible
red laser diodes from;

IC

Integrated Circuit, miniaturised electronics on a silicon wafer encased in a solid
resin;

IO

Input/Output, used to describe the possible directions of the microcontroller
pin outs;

IR

Infrared, an invisible light wavelength exceeding those of visible light;

LD

Laser Diode, an electrical component used to miniaturise common lasers;

LED

Light Emitting Diode, a common electrical component used in various ways
including lighting, indicating, or transmitting signals;

Op-amp

Operational Amplifier, an active differential amplifying component used
throughout the project;

PD

Photo Diode, an electrical component used to detect optical signals;

PWM

Pulse Width Modulator, an electrical device used to generate a constant pulse
signal;

SPS

Samples per Second, used to describe sample rates of the microcontroller;

TTL

Transistor – Transistor Logic, the specific serial transmission format used by
the microcontroller;

USI

Universal Serial Interface, a term used to describe the communication used by
the microcontroller;
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1 Introduction
Range finders provide a large contribution to today’s emerging technology such as 3D SCADA
systems, drone and autonomous vehicle navigation systems. While highly accurate, long range
and fast systems are available to industry, they are reserved to wealthy companies and are not
often introduced as household items or small business tools.
Many engineering enthusiasts put in countless hours of their time developing new technology
and project ideas, but are limited to the cost, range and accuracy of components available to
them. Recently autonomous household vacuum cleaners have emerged as a viable
technology, remaining within the boundaries of such constraints.
It is reasoned that increasing the quality and availability of rangefinder components to the
general public may encourage the creation of new technology such as accurate navigation
systems. This project is devoted to exploring the potential of an alternative range finding
design, and explores the possible ways in which it may be improved to benefit the general
public.
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1.1 Background
An event called the “DARPA Grand Challenge” [1] encouraged universities and research
organisations to develop autonomous driving systems with a (US) $1,000,000 prize for
successful obstacle course completion. Initial attempts were unsuccessful; however with
persistent development over several years, many teams finished the course and claimed the
prize money. In fact the desert course was then made more difficult in future competitions
with the implementation of an urban course which was also eventually completed successfully
by many teams. The lesson from such an event is that, if developers can be encouraged to
develop such systems, large technical advancements can be made.
One piece of expensive hardware used by most of the successful DARPA Grand Challenge
teams was the Time of Flight rangefinder system. These systems are fast and accurate, but
carry a heavy price tag that may discourage some otherwise motivated research projects.
Several types of rangefinders existing today include:
1. Time of Fight. These find a range by measuring the flight time of a bounced pulse of
light. They are useful for short and long range systems such as surveying and leisure
activities such as golfing and shooting. They are fast and accurate over long distances,
however are expensive due to the incredibly fast timing circuits required;
2. Infrared Laser Range Finders. These use a CCD sensor to triangulate the distance to a
target object illuminated by a laser point and are short ranged, fast and cheap. Their
limited range capability of approximately 1.5 metres limits their usefulness in practical
applications;
3. Ultrasonic Range Finders. These transmit a pulse of sound and measure the time taken
to receive a bounced signal. These are also fairly cheap; however they measure the
smallest distance in a broad area, as opposed to focused beam.
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Some Existing Systems can be seen in Table 1, Table 2, and Table 3:
Model

R317-SR4000-CW [2]

R325-URG-04LX-UG01 [2]

PG 2000 TPX [3]

Range Focus3D 120 [4]

Brand

Mesa Imaging AG

Hokuyo

ParGate

FARO

Range

0.1m - 5m

0.02m – 5.6m

1,750m

0.6m - 120m

Depth error

±10mm ~ ±0.2%

±3 %

±1m

±2mm

Angular

0.24° @ 144*176 ~ 34° *

0.36°@ ~ 666 * 666 = 240°

Low @ 1° * 1°

0.009° @ 305° * 360°

Resolution

42°

* 240°

Sample Rate

50 HZ

10.0 Hz

~2Hz

(360/0.009)/94hz vertical
scan speed ~ 0.00235Hz

Price

$4295.00 (USD)

$1175.00 (USD)

$299

~$36,354 [5]

Table 1, existing time of flight range finders.
Model

GP2Y0A21YK0F [6]

GP2Y0A710K0F [6]

SA1D -LL4

Brand

Sharp

Sharp

IDEC

Range

0.1m to 0.8m

1m to 5.5m

0.2m to 0.5m

Angular Resolution

~4mm ~0.45°

Sample Rate

Analogue

Analogue

Analogue

Price

$15.59 [7]

$27.407 [8]

$ 253.05 [9]

Table 2, existing infrared triangulation based laser range finders.

Model

R334-SRF485WPR

LV-MaxSonar®-EZ1 [10]

SRF04

PING)))

Brand

Devantech

MaxBotix

Devantech

Parallax

Range

0.6m – 5m

0m - 6.45m

0.3m – 10.7m

0.02m - 3m

Angular Resolution

Low

Low

Low

Low

20Hz

10Hz

$25.95

$29.50 (USD) [12]

Sample Rate
Price

$59.50 (USD) [11]

$29.99 [13]

Table 3, some existing ultra-sonic range finders.

It can be seen that the Time of Flight rangefinders have a large range and fast sample rates
making them ideal for navigation systems, but are very expensive for low funded projects. The
cheaper ultrasonic and laser triangulation systems are quiet affordable however do not have
the required range or sample rates for larger navigation systems larger than those such as
today’s robotic vacuum cleaners.
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1.2 Proposed Alternative
The proposed alternative design to a triangulation based range finder, is shown in Figure 1.

Figure 1, proposed alternative design.
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The system consists on the following components:
1. An infrared laser to be used as a transmitter. It shall be modulated at a high frequency
so that it may be distinguished from its background by a receiver;
2. A low frequency oscillating mirror (shown in green). This will be used to sweep the
laser across the rangefinders detectable range, indicated by “R-max”, and “R-min”;
3. A low frequency signal generator and current amplifier. This tuneable signal will be
used to power the coil that applies physical motion to the mirror;
4. A highly focused receiver to be pointed directly forward. This receiver shall define the
field of view that detects an objects range;
5. A receiver amplifier to amplify the signal as much as possible, so that the detectable
range shall be as great as possible;
6. A receiver filter, to isolate the laser’s modulation frequency and optical wavelength.
Effective electrical and filtering also extends the detectable range as much as possible;
7. An AC to DC rectification circuit, to convert the resulting modulated AC signal, to a
conditioned DC voltage that can be read by a microcontroller;
8. A Microcontroller, tasked with calculating the angle that the laser intercepts the
receivers field of view. This angle can then be transmitted to a computer, so that the
objects range can be calculated as required.
The transmitter shines modulated laser pulses at the vibrating mirror, which then sweeps the
laser across the field area. The forward facing, highly focused receiver then awaits a signal to
pass by, if no object is present then no laser light will be reflected toward the receiver. The
receiver amplifies, filters, and rectifies the signal to be observed by a microcontroller. When a
signal is received, it indicates that an object must be present within the detectable region, and
the range can be calculated with the known laser angle (ɵ) and receiver/transmitter distance
(D).

The electrical signal that powers the vibrating mirror is also tasked with producing a digital
signal, indicating whether the mirror is swinging clockwise, or anticlockwise. The
microcontroller then observes this signal, and if the mirror changes direction, a timer is
started. The laser/receiver intersection signal is also observed, and when intersection is
detected, the time is transmitted to a computer that can then calculate the laser’s angle and
range.
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2 System Component Design
2.1Frequency generating circuit
The required task is the design and construction of the frequency generating circuit.
This signal will be used to vibrate a reflective surface, sweeping a laser reflection at a
specific rate. A simple series RLC circuit was initially considered. Equation 1 is used to
do a quick analysis of the possible components required [14]. Figure 2 showing
possible component combinations indicate that an unrealistically large inductor or
capacitor would be required to reach the low resonant vibration frequencies of 50 Hz
required.

ƒ=

1
2π√(LC)

Equation 1, LC component's relation to frequency.

Figure 2, possible inductor and capacitor combinations.

2.1.1 The Gyrator:

A circuit demonstrated in “Horrowitz and Hill, The Art of Electronics” [15] known as a
Gyrator, simulates the reactive impedance of an inductor and is then used as an
alternative to a physically large inductor. The gyrator is built with two op-amps and can
be tuned with the selection of resistors and a capacitor that make up the circuit in
Figure 3, and its equivalent inductance between the resistor R2 and node 3 can be
calculated as in Equation 2.
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Figure 3, the Gyrator design.

Equation 2, Gyrator equivalent inductance calculation.

The circuit analysis is largely simplified by assuming that all the resistors in the gyrator
were of equal value (Req). A similar simplification could also be applied by making the
capacitor in the LC circuit, equal to the capacitor used within the gyrator. These
simplifications allow the equivalent inductance to be tuned by varying the Gyrator’s
resistors alone, and the RLC resonant frequency can be tuned by varying combinations
of resistance vs. capacitance. By substituting Equation 2 into Equation 1, and
rearranging for Req, Equation 3 can be used to generate a list of possible resistance
values for available capacitance values, given a target frequency of 50Hz.
√

Equation 3, New component calculations.
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Figure 4, new possible component combinations.

By reducing R3 in (Equation 2), the inductance will increase proportionally and
therefore the LC Circuit’s resonant frequency will also be reduced. This allows the
frequency generated by the circuit to be easily tuned using a potentiometer. Since the
frequency is easily controlled, the target frequency is increased to 57Hz, resulting in a
feasible component combination of Req = 10kΩ and C1 = 0.278uF selected from Figure
4.

Although the theoretical LC circuit will oscillate infinitely, inevitable internal resistance
will lead to power losses and a damped signal that will eventually die away. If the
appropriate terminals are chosen, the gyrator inductor equivalent circuit and its
internal op-amps will boost the signal slightly and actually increase the power until the
peaks of the sinusoidal signal meet the limitations of the voltage source, giving a
desirable stable signal.
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2.1.2 Signal Capping:

One drawback of this approach is that the signal is slightly skewed at its peaks due to
nonlinearities within the op-amps at their voltage extremes. This is solved by
implementing two diodes connecting to ground between two resistors that limit the
maximum voltage swing to 0.7 volts, a voltage level below the nonlinear extremes of
the Op-amps. The final circuit is shown in Figure 5, and has been proven to work by
physical construction and experimentation.

Figure 5, low frequency oscillation circuit design.
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2.2 Amplification Circuit
The purpose of this circuit is to drive a magnetic coil that will vibrate a reflective
surface at the specified frequency. Coils require large current sources that will surely
exceed that of the gyrator circuit limitations, so an addition to the vibration generating
circuit is required. In addition to a trial of coil performance, two possible signal
amplification circuits were considered:
1. A PWM driving circuit.
2. A transistor amplification circuit.
2.2.1 Coil Selection

The coil’s job is to vibrate a small reflective surface at the input signals frequency. Due
to the conservation of an object’s kinetic energy, the mass of the moving parts will
resist any fast acceleration, so its mass must be as light as possible to prevent vibration
frequency limitations. A small mirror was selected of size 10mm * 10mm.
A physical coil must be selected that can move quickly enough to vibrate at the
targeted 50Hz, and maintain a magnitude significant enough while using minimal
power. Figure 6 identifies the trialled candidates.

Figure 6, investigated coil selections.

1. Items A and B are variously sized speakers that have a reflective mirror
suspended across the centre with slight pressure pressing one side on the
speakers centre. This system provides a minimal laser sweep when maximum
power is sourced from a stereo amplifier, but the smaller of the two speakers
needs more than its 4W rating to get a viable sweep range, causing it to
overheat. The mirror sometimes vibrates at other frequencies, appearing to
“bounce” and create excessive noise. This system would be bulky, noisy,
inaccurate, prone to shock, and would require a large power supply.
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2. Items C and D are small actuators retrieved from a printer. These are not
designed to vibrate at high frequency, and although the armatures are light for
what they are, they are unable to vibrate at 50Hz.
3. Item E is an attempt to custom design an electro magnet. Highly flux
conductive metal was retrieved from a transformer and re-shaped to form a
“C” shape. The coil around its centre produced a magnetic field, while a rare
earth magnet was suspended within the fluctuating flux lines within the gap of
the “C” design. This proved difficult and time consuming to construct and did
not provide any acceptable results. Only the slightest motion was noticed with
the smallest possible magnets, using high currents.
4. Item F is a simple DC brush motor with a mirror attached to its shaft. It was
expected that a fast enough signal to swing the shaft back and forth would be
enough to vibrate it at 50Hz and in fact it did. The motor vibrates around
several common angles (possibly defined by the location of the brushes);
however, these angles change if the device is bumped. The DC brush motor is
an effective vibrating coil, however motion restriction is required to keep it
aligned, and its brushes may be prone to wear.
5. Finally, Item G is a 20 step stepper motor obtained from a discarded CD-ROM
drive. It is small, lightweight, has no brush contacts, contains two 250mA coils
and the reflective mirror can be attached to its shaft. One of the two coils can
be used to maintain the vibrations around a common angle, and can also be
used to “tighten its grip”, reducing the magnitude of the sweep if required. The
other coil can then be used to push and pull the shaft at the desired frequency.
The stepper motor was, by far, the most effective vibrating coil device that
managed to maintain the desired frequency while using minimal power, using
minimum space, and being tolerant to shock, all at minimal cost. The maximum
sweep range is indicated in Equation 4, and is more than enough of the required
range.

Equation 4, Maximum sweep angle.
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2.2.2 PWM Amplifier

A voltage controlled Pulse Width Modulator (PWM) that switches on and off a power
source to the coil by means of power MOSFETS, was considered. The gyrator’s
sinusoidal voltage may control the PWM duty cycle and does not draw too much
current from the gyrator circuit. The coil’s power source is only limited by the supply of
the MOSFETS.
For the Gyrator’s sinusoidal signal to be used to control the PWM’s Duty Cycle, the 0.7
volt signal requires amplification to 3 volts Peak to Peak. This was done with a simple
operational amplifier circuit, and the amplification could be tuned with an additional
potentiometer.
In addition to the sinusoidal signal being amplified by op-amps, a square wave needs
to be generated to indicate to a microcontroller, whether the signal was rising or
falling. This was implemented by differentiating the sinusoidal and giving the resultant
cosine signal the largest possible amplification, resulting in clipping, using an additional
two standard op-amp circuits.
Finally, to prevent any voltage fluctuations distorting the signals, a voltage follower
circuit supplied power to all other op-amps, preventing extra current draw within the
voltage divider circuit, thereby maintaining a steady ground and a consistent signal.
A trip to a local electronics shop led to the supply of 5 TL494 PWM IC’s. This IC requires
a 3 volt input to control two output PWM signals to a duty cycle between 50% and
100%. For full power efficiency to the coil, the duty cycle is required to vary between
0% and 100%. The two signals produced by the PWM are offset by 180°, which enables
them to produce a theoretical 0% to 100% duty cycle when both signals are AND’ed
together using two MOSFETS in series. The circuit in Figure 7 was used and tested,
where the two PWM outputs are modelled as transistors X1, and X2.
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Figure 7, MOSFET amplifier circuit.

This PWM IC turned out to be a tiny surface mount which proved to be difficult to
interface with. Several circuit boards have been made by Murdoch’s Technician, with
only one shown to be working. The implementation of the PWM and its signals ANDing
operation, has been implemented to power LED’s without problem. However
unwanted noise was being produced when using a coil as the load (possibly due to the
coil’s inductance) so an alternative signal amplification method was considered.

2.2.3 Transistor Amplifier

The other possible method of amplifying the low current sinusoidal signal is to power
the coil with Bipolar Junction Transistors (BJT’s). One such transistor available is the
BC549 NPN transistor, an amplifier circuit was designed with this component in mind.
The datasheet for this transistor indicates that the transistor is capable of providing at
most 100mA of DC current. To accommodate for the worst case scenario, 3 transistors
in parallel are required to provide the 250mA coil with a maximum total of 300mA. The
circuit in Figure 8 shows the final design.
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Figure 8, transistor amplifier circuit.

V2 indicates the signal input source, and the capacitor C2 decouples the AC signal from
the amplification circuit, ceasing any DC interaction between the two. To decouple the
load from the amplifier, a large 680uF capacitor is used.
The expected current through the resistors at the transistor’s collector terminals, is an
approximate but significant 250mA, therefore the load is spread over 3 resistors (R1,
R7, and R9) and the power calculated using Equation 5. For this reason, 1W resisters
are used at their maximum potential, and are installed with long terminals to act as a
heat sink. It should also be noted that the current will have an AC component as well
as a DC component, so the actual power dissipation is less. The size of the DC
component will be determined by R3 and R2, which is selected with a potentiometer,
but it must be greater than half the AC signal (125mA) to prevent signal clipping.
Finally, resistor R5 and inductor L1 are typical of the stepper motor load properties.

Equation 5, Resistor power calculation.
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2.2.4 Final PCB & Results

Figure 9 shows the final prototype PCB. Both the signal generator (Left) and the transistor
amplifier circuit (Right) are placed on the same PCB. The stepper motor is used as the coil and
the PWM amplification circuit is discarded. Important interfacing components are as follows:
A. Signal Voltage Amplitude Potentiometer: used to change the amplification gain of the
output signals voltage to a desired magnitude (Note: This is not the current amplifier).
Interaction from the frequency selection potentiometer means that amplitude may
need to be corrected whenever a frequency change is made.
B. Output Signal: One pin supplies the primary amplified signal voltage, one supplies a
cosine signal that can be used to determine the primary signal’s slope, and the last
supplies a square wave indicating whether the primary signal is rising or falling. All 3
signals are outputted with reference to ground plus half the supply voltage.
C. The 12V supply voltage.
D. The power amplified signal going to the coil.
E. Frequency selection potentiometer: tests reveal that frequencies can be confidently
selected between 25Hz and 51Hz, however as mentioned earlier, signal amplitude will
be changed and need to be maintained using the amplitude potentiometer.
F. Signal Offset: this potentiometer should be selected so that no “clipping” is produced
in the final amplified signal.

Figure 9, physical oscillator and amplifier construction.
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Figure 10 shows the output of the primary signal and its associated square wave to indicate a
rising or falling edge.

Figure 10, digital swing direction indicator.

Figure 11 below shows the output of the signal from the signal generator (yellow), and the
signal after amplification across the coil (Blue). The first image shows the signals when the
shaft is free to vibrate, providing a kinetic load that interferes with the impedance and skews
the wave form. The second shows the shaft of the stepper motor being held still, leaving fixed
impedance and a high quality signal.

Figure 11, current response to free moving shaft, and current response to fixed shaft.

Finally, Figure 12 shows a 25cm line from a laser, reflected off the vibrating mirror and
projected onto an A4 sheet of paper 30cm away. This allows the projection angle to be
calculated as ±22 degrees.

Figure 12, laser projection.
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2.3 Modulated Laser driver
Unlike common Light Emitting Diodes (LED’s), Laser Diodes (LD’s) are a recent development
that is still fairly expensive, and very susceptible to electrical damage. The intention was to use
a modulated Infrared laser diode that will be detected by existing infrared remote control
sensors, as using existing and proven technology would greatly reduce the required workload.
However, a common off the shelf red laser diode was purchased for initial experimentation.
Infra-Red modulation is used in existing remote control systems to help differentiate the signal
from background unmodulated or visible ambient light and it was hoped that a modulated
infrared laser point would provide the same desired benefit. The final laser driver will need to
perform 3 tasks:
1. Provide a current limited source to the laser diode;
2. Provide some optical feedback to limit optical output;
3. Provide a modulated optical output.
The completed circuit design and laser diode model is indicated in Figure 13.

Figure 13, laser driver design.
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2.3.1 Laser / Photo Diode

Figure 14, laser diode module.

The LD used in initial tests is the cheapest visible red ZD1955 shown in Figure 14. It has the
advantage of easily available datasheets [16] and replacements. Most laser diodes come in a
standard physical package including three pins for ground, current input, and optical feedback.
Eventually an infrared laser diode will need to be sourced, as a visible laser line may be visually
displeasing and reduce the rangefinders possible applications. However this can be expensive,
so recycling electronic goods was used to source alternative laser wavelengths. Some possible
recycling sources are as follows:
1. CD-ROM’s contain near infrared, low power laser diodes and are in large supply. These
lasers can be used in short ranges with sensitive receivers, but longer ranges can be
acquired using more powerful lasers;

2. DVD-ROM’s contain low power visible red laser diodes similar to those found in
common laser pointers, and are in large supply. Once again, the low power of these
lasers limits their range capabilities;

3. Blue Ray Players contain high power blue laser diodes and are a newer technology that
is hard to find, although damaged devices are being thrown away occasionally;

4. CD Burning devices contain high power infrared laser diodes, and are in a fairly high
supply. This will be the final source of laser diode as it exceeds the other laser diodes
power (over 10mW) and although the maximum intensity is not required, the output
power can be controlled to be slightly more powerful (about 12mW) than standard
low power lasers;
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5. Laser Printers contain low power infrared laser diodes and their larger packaging
allows them to be removed with the aligned collmination lenses intact. Contrary to
popular belief, these lasers do not “burn” toner to the paper, but simply create a static
charge on the page that attracts the toner. A heat lamp then provides the heat energy
to bind the toner to the page. Their low power makes them unsuitable for the longer
ranges required;

Figure 13 shows that the laser diode unit is modelled in two parts; the laser diode, and
photodiode. The Laser diode itself is simply modelled as three standard 0.7V diodes in series,
as laser diodes have a much larger voltage drop than normal diodes. The photodiode however
is modelled by a current source in series with some resistance, but in parallel with a diode and
further resistance [17]. There will also be some capacitance and inductance, however they are
considered to be insignificant for this application.
2.3.2 Driver Current Source

As with all diodes, the voltage across them during normal operating conditions remains fairly
constant and the power can be changed by varying the current source. Unlike an LED however,
current to laser diodes need to be precisely controlled as small momentary current surges will
destroy them.
This was done by producing a regulated voltage source by means of a physically large Zener
diode. A seemingly large Zener diode is required because small temperature changes were
found to disturb the small diodes knee current by up to 5%, and larger diodes with a larger
junction area should be less susceptible to these voltage fluctuations. The regulated voltage is
then applied to the base of a transistor so that the resultant current at the collector can be
controlled by varying the resistance at the emitter. The constant current source can then be
drawn through the laser diode, and is indicated in Figure 13.
2.3.3 Feedback

As the laser diode is operated, it will heat up. This heating unfortunately changes the dynamics
of the laser diode, causing it to produce less optical output for the same energy input. One way
to manage these optical fluctuations is to implement some optical feedback using the
photodiode built into the laser diode module. When implemented correctly, optical feedback
has the added benefit of preventing any power surges that may otherwise destroy the module.
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A full understanding of how photodiodes operate is required as much time can be wasted
designing and testing feedback systems that would not work with an incorrect understanding.
There are some very good sources for photodiode modelling [17]. The final design of the
feedback system can be seen in Figure 13.
The photodiode is intended to be used in a reverse bias mode to give a largely consistent
operating voltage range. As photons from the rear of the laser diode fall on the photodiode, it
increases the amount of current passing through it. The small current can be fed into the base
of the feedback transistor (Q2) that will then remove some current from the base of the
constant current source transistor (Q1), reducing the current flowing through the laser diode.
So an unexpected increase in laser diode optical brightness will result in a reduction of laser
current. Optimal optical intensity can be tuned by varying resistor (R3), changing the laser
current reducing abilities of the lasers photodiode.
Simulated tests on the laser diode model seen in Figure 15, indicate quite a steep drop in laser
current (R4) as the photodiode (I1) produces between 20uA and 40uA, and therefore indicate
an effective form of optical control.

Figure 15, laser current response to ramping feedback.

2.3.4 Modulation

For the laser to stand out from its illuminated background, it must be modulated. Existing
infrared remote control components use such systems, some modulating the transmitting LED
at around 38 kHz. To allow the laser to be detected by the same remote control receiver
technology, it must be modulated at the same frequency.
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This is accomplished by implementing a transistor (Q3) to remove current from the laser’s
current source, as did the feedback system. A PWM is implemented to vary the frequency of
current to the base of a transistor (Q3) that then diverts current from the base of the lasers
current source transistor (Q1).
Components are chosen to match the requirements of the TL494 PWM IC previously used. One
output of this IC produces a 50% duty cycle at over 50 kHz, when no input voltage is applied to
the duty cycle control pin. The modulation frequency can then be varied with a potentiometer,
to the receiver’s filter frequency. Figure 16 indicates that a laser transmitting frequency of
38kHz signal is confirmed by observing a voltage drop across a 1.6Ω shunt resistor (R4) in
series with the laser diode.

Figure 16, indication of modulated laser current.

2.3.5 Laser Heat Sink

During the development of the laser driving circuits, many tests were required with an
incomplete understanding of laser diode operational requirements. One such test included
powering up the laser diode for a prolonged time without the feedback system in operation.
Damage to the laser diode was predicted to be likely, so a cheap replaceable Laser Diode was
used.
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During the test, the Laser Diode performed as expected, however was observed that after
several minutes of operation, the laser diode’s optical output reduced. This test was
performed with a constant input current, so a drop in optical output indicated that the optical
efficiency was decreasing rapidly with use. This suspicion is confirmed visually, as the laser
brightness eventually vanished all together.
Oscilloscope tests on the constant current source indicated that it is unlikely that current
surges had caused the damage to the laser diode. It is suspected that overheating may have
caused the damage, so an appropriate heat sink was manufactured as indicated in Figure 17.

Figure 17, laser diode heat sink and culmination system.

The heat sink was machined from a block of aluminium and has a hole drilled to the size of the
photodiode. With the addition of some heat conductive fluid such as that used to mount
modern computer CPU’s to a heat sink, the laser diode can be inserted tightly and held in place
by screwing the module to a piece of PVC. Any heat that would normally be concentrated
within the small laser diode can now be dissipated within the aluminium block and exposed to
a cooler atmosphere with its much larger surface area.
In addition to removing heat, the heat sink also provides a means to mount a collimation lens,
essential to producing a focused laser beam. The collimation lens is glued to a small plate that
is placed on top of the laser diode with a small piece of compressible foam in-between. The
lens position can then be finely adjusted by compressing the plate and lens onto the foam with
three screws.
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This heat sink module provides a solid and adjustable housing for standard laser diodes. If
damage occurs or an alternative wavelength or power is required, they can be interchanged
easily. No further damage was observed, therefore the problem was indeed overheating.
2.3.6 Optical Assessment

From several available laser diodes, one must be chosen that matches the wavelength of
existing remote control LED at 940-960nm, so that existing receiver technology can be used.
Many of the laser diodes however, come from second-hand sources without available
datasheets, so a means of measuring a laser’s wavelength is required.
One possible method is to point the infrared laser through a glass prism, and find the
wavelength by observing the refraction angle by using mobile phone cameras that are poor at
filtering out infrared light. Without knowing the refractive properties of the glass prism used,
some red and green lasers of known wavelengths can be projected through the prism to find
any unknowns. Although this method is possible, it is quite time consuming, and many
opportunities exist for error due to having to find the unknown properties such as density and
refractive indexes.
An alternative method is to measure the diffraction angle of a laser that is pointed through a
known diffraction grating [18]. A diffraction grating is a piece of glass with tiny grooves of a
known spacing etched into the surface. This system splits light into its different wavelengths as
the prism does, however the only unknown required to find the corresponding wavelengths is
the groove spacing. Figure 18 shows a diffraction grating with 300 lines per mm.

Figure 18, diffraction grating.
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An experiment was setup to determine the wavelength of three lasers.
1. A control laser: A green laser with a known wavelength was measured to determine
the method’s feasibility.
2. A low power infrared laser from a laser printer.
3. A high power infrared laser from a CD burner.

Figure 19, wavelength detection experiment.

The green laser was pointed along the floor of the room, through a diffraction grating, and
onto a wall at a known distance from the split beam, as shown in Figure 19. It was assumed
that the floor is flat and the wall is square to the floor. The grating then projects the beam
onto several locations on the wall that can be measured. Equation 6 is then used to calculate
the angle of the first diffracted beam, and with the known angle of diffraction, the wavelength
can be calculated as in Equation 7.

Equation 6, Diffraction angle calculation.

Equation 7, Laser wavelength calculation.
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Test results indicate a very similar calculated wavelength, to the green laser pointer’s
wavelength of 532nm. Similarly the test is repeated to determine the unknown wavelengths of
the infrared laser diodes. As the infrared laser beams are difficult to locate using a low quality
camera, the range to projection is reduced to less than a meter. Results are shown in Table 4
demonstrating that the required wavelengths of 940-960nm are not provided by the available
laser diodes, which is a problem that must be addressed when developing the receiver.
CD Burner Laser

Laser Printer Laser

Green Laser Pointer

Floor Length

0.83m

0.68m

5m

Projected Height

0.198m

0.163m

0.8m

Calculated Angle

13.42°

13.48°

9.09°

Calculated Wavelength

769nm

777nm

527nm

Table 4, laser wavelength results.
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2.4 Receiver
2.4.1 Sensor Selection

To get the longest detection range possible, a very sensitive receiver is required. Such
receivers are already optimised within a small, cheap package for use in electronic remote
control systems [19]. One such package is the RPM7100 series IR Receiver Module purchased
from a local electronics shop and is tested for suitability.
These sensors are designed to receive a signal up to 10m away; however this distance assumes
that the transmission signal is an IR LED that is pointed directly at the receiver. The signal
produced by a laser will not be reflected directly back to the sensor, but will be diffused off a
variety of surfaces. Tests were carried out to measure the IR module’s range, when the LED
was reflected off a variety of surfaces. Whether or not the sensor’s range could be increased
by means of an optical scope was also investigated. Sensor and scope can be seen in Figure
20.

Figure 20, scope mounted infrared sensor.

The receiver was mounted so that the received signal can be observed by oscilloscope, and a
standard entertainment system remote control was used as a transmission source. The
received signal was observed at close range, and gradually moved further until the signal
disappeared. Results of the test are shown in Table 5, and indicate the capability of cheap
receiver technology available today.
Source Situation

Without Scope

With scope

Scope Gain

Direct pointing

15m

39 m*

2.6*

Reflection off white A4 paper

5m

13m

2.6

Reflection off black plastic

1.7m*

4.5m

2.6*

Reflection off black material bag

2.4m*

6m

2.6*

Through white A4 paper

2.6m

7m

2.6

Table 5, existing sensor range experiments.

* extrapolated approximations and not physically tested
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It is desirable to use these existing sensors as they exceed the maximum ranges of existing
triangulation based range finder systems, removing the possibility of the receiver being the
limiting factor to the developed range finder maximum range. They also remove significant
development effort as they incorporate optimal designs involving:
1. Optical filtering, that removes all ambient light except the wavelength intended to be
used in the transmitter;
2. Signal Amplification, amplifying the signal to a readable level, as the signal coming out
of the photodiode will be small;
3. Modulation Filtering, to assist in identifying the source in a noisy ambient
environment.
Table 6 shows some common laser diode wavelengths and optical outputs as seen in the
printer manufacturer manuals. This information along with the observed information from
Table 4, indicate that common laser diodes are not the same wavelength as the 940-960nm
required by this sensor and many like it [19], indicating an alternative solution is required.
Printer Manufacturer

Optical Output

Wavelength

Epson [20]

Up to 15mW

770nm to 800nm

Brother [21]

Up to 10mW

760nm to 810nm

HP [22]

Up to 5mW

775nm to 795nm

Lexmark [23]

Up to 7mW

655nm to 675nm

Table 6, printer laser diode wavelengths and power.

Several options are then available were considered:
1. Find a laser diode to match the available sensor wavelength. This is already seen to be
unlikely, and although many laser diodes are available for purchase, they are generally
very high powered and very expensive;

2. Find a new IR sensor to match the available laser diode wavelengths. These sensors
are made to be a common wavelength, and remain somewhat standard. Although
some sensors detect a wider wavelength band reaching to 800-850nm, they are only
20% to 80% effective at this range and will allow much unwanted ambient light to
pass;
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3. Find an unmodulated receiver, and add amplification and filtering capabilities. Sensors
such as photodiodes and phototransistors are cheap and abundant in supply across
many wavelengths.

Based on the available resources, it was decided to source a photodiode with a highly focused
field of view, and is sensitive to wavelengths of the available laser diodes. It was then required
to design an amplification and filtering system to condition the signal to be readable by a
microcontroller.
2.4.2 Amplifier Selection

The selected photodiode is the SFH-213 which is chosen due to its suitable wavelength range
and its sharp 15˚ field of view. It was expected to be a challenge to get a suitable signal at
range, so the photodiode was mounted to a scope to obtain the range benefits seen in Table 5.
The photodiode could be configured in either the photovoltaic or photoconductive mode. In
photovoltaic mode, the photodiode builds up a voltage on its output pins as long as a large
enough load exists. In a photoconductive configuration, the photodiode is assembled in a
reverse bias setup, which “allows” more current to pass when it collects photons. A
photoconductive mode configuration is beneficial as it has a short response time at the cost of
more noise. A short response time is required at the 30 kHz to 50 kHz speeds required by the
modulated laser, and the noise will be filtered at a later stage.
Three possible amplification techniques were considered:
1. Amplification by a TL084CN op-amp;
2. Amplification by a BD681 Darlington transistor;
3. Amplification by a BC549 NPN transistor.
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The TL084CN op-amp was setup in a simple inverting amplifier configuration with a large
feedback resistance of 3MΩ to create the maximum amplification. Current was supplied via
the photodiode at close range to a diffused laser (approximately 0.1m). At this close range the
signal appears to be a very readable 500mV seen in Figure 21, but disappears entirely at a
range of 1m. The theoretically high operational amplifier gain should produce a square wave,
however a sine wave is observed, indicating that physical frequency limitations of the
operational amplifier may be preventing an ideal performance. The frequency of the laser is
increased from 31 kHz to 50 kHz, and the magnitude of the amplified signal is reduced by half,
confirming these frequency limitations, and excluding this op-amp as the suitable amplification
method.

Figure 21, op-amp response to 31 kHz signal.
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Figure 22, op-amp response to a 51 kHz signal.

The BD681 Darlington transistor was also tested and an improvement can be seen in the range
sensitivity. Figure 23 shows the received signal from 2m away. This is an improvement, but still
very short of other optical sensors on the market. It can also be seen that the signal is a
triangle wave, as opposed to the transmitted square wave, indicating that the on-time of the
device may not be quick enough to amplify the signal efficiently.

Figure 23, off the shelf Darlington transistor response 51 kHz signal.
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This is confirmed by performing a step test, by applying a sudden current to the base of the
transistor. Results can be seen in Figure 24. The voltage across the transistors emitter and
collector can be increased from 6V to 12V, to increase the response time as indicated in Figure
24 (right); however this is still not adequate, since the signal can only reach about 80% in the
time of a single laser pulse.

Figure 24, 6V Darlington step response (left), and 12V Darlington step response (right).

Finally, the suitability of the BC549 NPN is assessed. The most significant factor so far is the ontime performance of the amplifier, so a step test is performed as seen in Figure 25. The
“bump” is suspected to be a switching bounce, but substantial improvement is observed in
comparison to the Darlington and Operational Amplifier systems.

Figure 25, 6V transistor step response.
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The next test was to observe the effectiveness of receiving a signal at range. Figure 26 shows
the signal received at two metres. The image on the left is a single sample, but the image on
the right is a view of many overlayed signals and shows clearly a small but square signal
received. Although small, the magnitude can be amplified by placing several transistor
amplifiers in series, since transistor on-time is not an issue.

Figure 26, screen capture of transistor amplifier’s received signal.

2.4.3 Amplifier Design

An experimental signal amplifier was initially designed as two transistor amplifiers in series as
in Figure 27. The signal voltage can then be read at the collector of Q2. To test the
performance of the circuit, the receiver was placed 2 meters from the laser point on a white
A4 sheet of paper. The laser is then suddenly turned on so that the response time and
magnitude can be observed in Figure 28.
Note: at this point, it is very important to have highly shielded cable connecting the photodiode
to the circuit, as electrical noise drowns out the optical signal.

Figure 27, initial transistor amplifier circuit.
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Figure 28, initial transistor amplifier step response.

A MOSFET was finally added as a 3rd amplification stage in much the same way as the
transistors. Tests indicated that the amplified signal dropped significantly when a load was
attached, so introducing a final Field Effect Transistor (FET) stage is hoped to decouple the load
from the amplifier circuit, as well as introducing slightly more amplification. Each amplification
stage also requires an ability to offset the signal current to its most linear region and maintain
the transistors usage within their active regions. This is provided by the implementation of
three potentiometers at the base of each transistor, to supply adjustable offsetting current. In
the physical construction, each stage is isolated by means of jumper plugs, so that each
transistor can be tuned independently. Figure 29 shows the final circuit design.

Figure 29, final signal amplifier design.
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2.4.4 Optical Filtering

Existing receiver packages also include optical filtering that block out light wavelengths which
are not being transmitted. In this case, a large amount of visible light may be blocked without
significantly affecting the infrared transmission.
Specific optical filters are available from manufactures, but these are more intended for visible
light filtering for use in stage lighting. This makes infrared specific wavelength filters difficult to
find at a reasonable price, as there is no need to filter a colour that the audience cannot see.
Stage lighting filters are designed to only allow specific visible wavelengths to pass through
[24]. In addition, it is beneficial for all stage lighting to allow the invisible ultraviolet and
infrared spectrum to pass, since it will not be visually noticed and filters will become less prone
to overheating [24].
Visible light can be filtered away by overlaying a rich red filter with a rich blue filter. The blue
filter will block all other visible wave lengths and the red filter will block the blue wavelengths
but both filters will allow infrared to pass. Figure 30 shows such a filter placed over a camera
that is sensitive to infrared light. The sky appears darker than usual since the atmosphere
absorbs infrared light, and the trees appear a ghostly white as they reflect infrared light. Figure
31 shows the same filter and camera used to observe a laser point in an indoor environment
where there is much less background infrared light. It shows a clear exclusion of all background
visible light, however, the cameras exposure may have been increased.

Figure 30, outdoor infrared light filter images.
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Figure 31, indoor infrared light filter images.

Although this appears to be an effective optical filter, it also reduces the magnitude of the
received signal. Figure 32 shows that the magnitude of the signal is significantly reduced as the
optical filter is added. The first image shows the unfiltered signal and the second indicates a
large signal loss when the filter was introduced. As a strong signal is difficult to accomplish, an
optical filter was not used in the final rangefinder design and so the rangefinder is then limited
to indoor environments that are not exposed to excessive optical interference from the sun.

Figure 32, filter reduction on infrared optical signal.
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2.5 Signal Filter
2.5.1 Filter Considerations

With the laser’s modulation system successfully designed and tested, it was then a
requirement for the receiver to filter the received electrical signal from any background optical
and electrical noise. Some filter properties considered were:
1. Pass band magnitude consistency. The magnitude of some filter outputs fluctuates
with a consistent input frequency. A magnitude consistency is not a concern in this
rangefinder application as only a digital on/off trigger is required;
2. Step Response. When the laser passes the receiver, the angle of interception is
determined from the exact time of interception. It is then required that the filter has a
good step response so that the time can be measured as accurately as possible;
3. Phase shift consistency. As with the magnitude consistency, only one specific
frequency is expected, so phase consistency should not be a major concern;
4. Component selection, component cost, and tuning simplicity. Component
requirements should be minimal, and the final filter needs to be tuneable as many
tests may be required.

Several band pass filters were considered:
1. RC Passive Filter [15].
Passive filters are the simplest to build, however they are restricted by quality
limitations. To obtain the high quality required by the laser receiver, many passive RC
filters need to be placed in series, increasing circuit complexity and component cost.
Changing the filter properties is difficult, since many components need to be changed
simultaneously;

2. Butterworth Active Filter [15].
Butterworth filters are known for their consistent magnitudes within their pass bands,
however they only gradually attenuate frequencies as they transition from the pass
band to stop band. This is not desirable as the receiver requires a very sharp pass
band;
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3. Bessel Active Filter [15].
The Bessel filter is known to produce inconsistent magnitudes within its pass band,
which is acceptable since the requirement is only for a small pass band. It is still a
popular filter as it has the ability to maintain a consistent phase shift for many
frequencies, making it suitable for audio applications. A consistent phase shift is not
beneficial to the receiver filter as only a specific frequency is expected to pass anyway.
It does however have a sharp step response that will be desirable for recording
accurate laser detection times;

4. Chebyshev Active Filter [15].
The Chebyshev filter has the disadvantage of allowing inconsistent output magnitudes
within the pass band, as did the Bessel filter. This is acceptable as only a small pass
band will be present. It also has a low step response time in comparison to other filter
designs. One large advantage however is that this filter produces a sharp magnitude
drop during transition from pass band to stop band. This property makes it a suitable
filter for blocking signals that are not produced by the laser;

5. State Variable Active Filter [15].
All filters up to now are designed with a specific quality, so multiple filters will be
required in series to produce the sharp pass band required, increasing circuit
complexity and cost. The state variable filter allows the gain, quality, and filter
frequency to be selected by varying various resistors within the circuit. It is made up of
4 operational amplifiers, various capacitors and resistors making it seem quite costly,
however quad operational amplifiers are commonly available in cheap integrated
circuits, and the circuits selectable quality means that no other filters are required in
series to produce the sharp pass band necessary. The selectable properties of the filter
also make it ideal for the experimental phase of developing the rangefinder, as it is still
unclear what design parameters are most suitable;
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2.5.2 Design

The state variable filter is selected and designed based on existing circuit designs [15]. The final
design is indicated in Figure 33.

Figure 33, state variable filter design.

The noisy input signal is represented by V2, and the filtered output is monitored as the voltage
drop across the resistor R6. Some components such as R, R1, and C, are arbitrarily chosen
based on component availability. Other component values are selected to suit the required
filter parameters such as filter quality ‘Q’, gain ‘G’, and frequency ‘f’ [15] as seen in Equation 8.

Equation 8, State variable component selection equations.

Initially the target modulation frequency of 37 kHz was chosen to suit the existing receiver
technology. As this is no longer the case, the maximum possible modulation speed was
increased to 50 kHz, so that the filter may react as quickly as possible. The choice of filter gain
is not important as previous tests indicated that the operational amplifier will have trouble
amplifying these high frequencies, so the gain is initially set to 10. Finally, it is beneficial to
implement a high filter quality ensuring that most noise is removed from the signal. An initial
quality of 10 is selected as this should produce the sharp frequency band required. Since the
benefits of implementing a high gain and quality are unclear, the physical construction of the
filter incorporates potentiometers so they may be tuned as required. Results of a step
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response and frequency sweep tests are indicated in Figure 34 and Figure 35 respectively.
Component variation appears to have led to a slightly lower than expected pass band,
otherwise indicating very usable filter performance. A lower pass band is still acceptable as the
frequency of the laser can be tuned down to 47 kHz.

Figure 34, electrical filter step response.

Figure 35, electrical filter band pass results.
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2.5.3 Amplifier, Filter migration

The signal amplifier and filter were physically constructed on the same PCB board as they are
intended to be used together. Once assembled, the circuit’s potentiometers were tuned to
give optimal performance at 3m range. The bias current at the base of the second transistors
amplification stage specifically require precise adjustment, as temperature fluctuations cause
change in its performance.
A test was setup by directing the infrared 47 kHz laser at a white A4 sheet of paper as a target.
The scope was directed at the target and the “ON/OFF” signals were observed on an
oscilloscope by making and breaking the optical laser beam. Step tests are performed by
suddenly turning on the laser and observing the response at 1m, 2m, and 3m. Receiver
responses can be seen in Figure 36, Figure 37 and Figure 38, and show that beyond 3 meters
the signal becomes difficult to read and therefore becomes the target range of the range
finder. Although these results are clear, many other variables may influence them, such as
inconsistent receiver tuning, ambient temperature, or lighting conditions, so more testing may
be required.
Note: these results were taken with incorrectly configured probe attenuation, therefore actual
signal magnitudes are 10 times greater than seen in figures.

Figure 36, rip test at 1 meter.
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Figure 37, rip test at 2 meters.

Figure 38, rip test at 3 meters.

One final consideration is that the microcontroller needs to determine whether or not the
laser has been intercepted, and will have a difficult time monitoring an AC signal. A half wave
rectifier was designed to convert the filtered AC signal to a readable DC voltage. Several
designs were tested, but a half wave rectifier circuit, with adjustable offset, little resistance,
and dual diodes to share the load, was found to be the most efficient rectifying circuit, and can
be seen in Appendix C.
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A final test, similar to the one previously established, was setup to ascertain the final
capabilities of the circuits working together. A target is placed 3 meters away, and this time
the step was introduced by blocking the laser with a piece of paper, then quickly removing it
with piece of string. This new step method is similar to the conditions that the rangefinder will
encounter during normal operation. It also removes the possibility that voltage spikes due to
suddenly turning on the laser are prevented. Figure 39 indicates the rectified step up response,
showing a suitable ramped signal to be read by the microcontroller. Figure 40 indicates the
amount of error present during on, and off conditions created by making and breaking the
optical beam over several seconds, indicating a large trigger range for the microcontroller to
time the positive edge without interference from noise.

Figure 39, half wave rectifier performance results.

Figure 40, half wave rectifier noise analysis.
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3 Physical Construction
Figure 41 indicates the final assembly of components:

Figure 41, prototype physical construction.

1. The 50Hz signal generator and amplifier, also shown in shown in Figure 41, is located
on the bottom left of the assembly. The circuits are designed in spice circuit simulation
software and physically constructed on a PCB together. Male plugs exist to supply
power, output the square wave signal to the microcontroller, and output the amplified
signal to the vibrating mirror. Frequency, amplitude, and signal offset are all tuneable
with on board potentiometers;

2. The laser is located on the bottom right, encased in a galvanised steel container. It
contains the laser driver circuitry so that any electromagnetic interference created by
the modulation PWM is supressed. Male plugs exist to supply power, attach the laser
diode, and monitor laser current. Potentiometers have been included to adjust the
laser’s modulation frequency, power, and feedback potential. The laser diode is
mounted externally, within the heat sink;
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3. The vibrating mirror is mounted on a bipolar stepper motor located at the lower
centre below the scope. The laser is pointed directly at the mirror, and the centre of
horizontal vibrations can be adjusted. This adjustment is to provide a means of
focusing the laser at different ranges of interest;

4. The scope is located at the centre of prototype rig. It is mounted on a rail so that its
distance from the vibrating mirror can be adjusted. Increasing this distance will
increase the final range accuracy at distant ranges, at the cost of physical space. On
top of the scope is a small pre-packaged line laser module, used to align the scope
horizontally. The scope also has a vertical angle adjustment so that it can be aimed at
the horizontally projected laser line;

5. The modulated laser’s signal amplifier and filter are constructed on a single board and
located on the upper centre, behind the scope. The right half of the board contains the
amplification circuit which has three potentiometers used to adjust the offset current
for each of the three amplification stages. Two male sockets are available to attach
the photodiode and amplified signal output. The left side of the board is dedicated to
the filter. The filter contains three potentiometers for adjusting the filters quality, gain,
and tuning ratio (R1 in Figure 33). It contains three male plugs to supply the board’s
power, the amplified input signal, and the filtered output signal;

6. The half wave rectifier is located at the upper left, and conditions the filtered AC signal
into a readable DC signal for the micro controller. Although the signal will normally be
quite low, the potential exists that a 12 volt spike may be produced (as might be the
case if the laser is reflected directly into the photodiode) destroying the low voltage
microcontroller. Five diodes in series prevent voltage spikes over 3 volts. This circuit
also provides an adjustable voltage between 0-3 volts that can be used by the micro
controller as a signal trigger voltage. Three potentiometers exist to allow adjusting of
the trigger level, DC offset, and the rectifier’s capacitor bleed rate. Three male plugs
exist to provide input signal and power, DC output, and signal trigger level;

7. The red microcontroller is not mounted but seen at the top right with a small TTL to
RS-232 communication conversion component, used to transmit received signal times
to a computer. It has one male plug for 3.5 volt power, and two for the 20 various I/O
pins;
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8. Finally, the very top left contains a terminal block, that supply’s 12 volts along the
plastic cable tray, to all circuits. Three spare terminals are also used to condition the
vibrating circuit’s 12 volt square wave signal, down to a three volt signal that will not
destroy the microcontroller;

Without a microcontroller, the effectiveness of the system can be observed on a 2 channel
oscilloscope by observing the mirrors forward and backward swings with the produced ~50Hz
square wave. The second channel can be used to observe the receiver’s amplified, filtered, and
rectified signal. A signal pulse should be observed whenever the laser strikes an object within
the receiver’s field of view, and the pulse position with respect to the square wave should
correspond to a uniquely detected distance. Figure 42 shows typical received signal results.

Figure 42, typical operating signals.
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4 Data acquisition
The microcontroller selected is a Texas Instruments MSP430-G2452 [25] and is shown in Figure
43. These are a cheap prototyping board that comes with the required cable, crystal, and an
alternative IC, all for around $10. The MSP430 is known for its low power consumption and
contains all the hardware requirements such as analogue inputs, digital inputs, serial
communication, comparator interrupts and timer capabilities. It also comes with a free licence
to use a downloaded copy of Code Composer Studio (CCS) to program the device with the C
programming language.

Figure 43, MSP430 development board.

The following lists some of the important features in more detail [25]:


Low power consumption, 220uA at 2.2 volts;



Internal frequencies up to 16 MHz;



32 kHz crystal;



One 16bit timer with three capture/compare registers;



Universal Serial Interface (USI) Supporting both TTL and i2C communications;



10-Bit 200ksps A/D conversion with sample and hold capabilities;



Analogue comparator with interrupt;



A detailed manual describing registers and other features;



Access to example programs within the programming software.

The minimum task required of the MSP430’s software is to transmit the difference between
the start time of the laser/mirror sweep, and the time that the signal is received. Other
software features may include pulse curve fitting, and time to distance linearization. Only the
minimal requirements were implemented in the final design. Figure 44 shows the general
process flow chart of the implemented software.
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Initialise interrupts.
Initialise port settings.

Enable digital negative edge
interrupt.
Disable CPU for power
saving.

No
Edge
detected
?
Yes

Save start time.
Enable the pulse signals
positive edge interrupt.

No
Edge
detected?

Yes

Disable all interrupts.
Transmit time difference.

Figure 44, software process flow chart.
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The initialisation phase involves including the MSP430 libraries, allocating memory used for
program variables, setup of the interrupts registers, and allocation of the IO pins to their
required functions. Table 7 shows the MSP430 pin allocations and purpose;
PIN

HEX Representation

Purpose

1.6

0x40

A heartbeat output led that toggles when a value is
transmitted.

1.5

0x20

Digital edge detection to be used to trigger an interrupt when
the vibrating mirror changes direction and the square wave
state drops.

1.0

0x00

Pulsed signal trigger level for analogue comparator.

1.7

0x80

Input pulse signal to compare to analogue trigger level, sourced
from the rectifier circuit.

1.1

0x01

Serial Transmit pin.

1.2

0x02

Serial Receive pin.

Table 7, microcontroller pin allocations.

The next phase involves activating the digital compare interrupt register to wait for a change in
mirror direction. The general interrupt enable register is activated in the program initialisation,
however individual interrupt registers also require activating. In addition, the CPU is disabled
to conserve power, and only interrupt activation will start the processor again.
Once a negative edge is detected, the current timer value is logged into a 16 bit unsigned
integer named “starttime”, the digital edge interrupt is re-enabled, and the CPU is reactivated. As the CPU continues processing, the analogue input compare interrupt is enabled
so that a laser signal pulse may be detected and logged. If for any reason, a pulse is not
detected, the digital edge interrupt continues to collect the next “starttime” so an attempt can
be made to capture the next pulse. The 10 bit timer is one of the possible limiting factors to
the final rangefinders accuracy. The more accurate the time is between the beginning of the
mirror swing to received pulse is, the more accurate the calculated interception angle and
range will be.
Once a positive edge is detected on the laser signal input pin, the timer’s current value is
immediately logged into an unsigned variable named “endtime”. The implemented program
also prepares to trigger 64 sample data points to be used for curve fitting, which should
increase the accuracy of the device; however this feature is not implemented fully and can be
ignored.
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With the process start and end time logged, the program calculates the difference, taking into
consideration that the timer sometimes restarts from zero. The resulting time is then
transmitted using the microcontroller’s serial transmitting capabilities and the whole process is
repeated.
Initially the 16 bit unsigned integer is efficiently transmitted as two bytes; however the
receiving software was only able to receive ASCII character data and has trouble deciphering
the raw integers, causing premature termination of transmissions. Extra code was then
implemented that converted the integer into a hexadecimal string of 4 character bytes, plus a
termination byte. Although the new data conversion process works correctly, the extra
conversion task delay combined with the delay caused by an extra 3 bytes of transmitted data
cause every 2nd sample to be missed, halving the transmitted sample rate.
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5 Installation & Tuning
Three main installation and tuning processes need to be considered:
1. Low frequency generator tuning;
2. Scope signal amplifier tuning;
3. Optical alignment.
The low frequency generator is capable of generating frequencies between 25Hz and 52Hz.
Outside of these frequencies is no longer self-sustaining and the signal vanishes. As the
frequency is adjusted however, the magnitude also fluctuates and may need to be corrected
before it enters the amplifier. The amplifier is designed to receive a signal from the gyrator
that is 3 volts peak to peak.
Each stage of the scope’s signal amplifier has a potentiometer that requires adjustment so the
amplified AC signal has a 6 volt DC offset, optimally placing the signal within half of the supply
voltage. The signal input photodiode can be removed, along with each amplifier stage’s
isolation jumper plugs, allowing the DC offset of each stage to be adjusted individually. It is
important to tune these correctly as the high amplification required also amplifies error
downstream.
As the target object is expected to be far away, small knocks can misalign the laser, mirror, and
scope. To make matters worse, the laser is invisible to the human eye, so it is unclear as to
where to aim the scope in the first place. The stepper motor’s alignment coil may be left
powered while power to the oscillating coil can be initially disconnected so that the mirror
shall remain centred. Inexpensive digital cameras such as webcams or those found on older
mobile phones do not block infrared light efficiently, and can be used to identify where the
laser has been pointed. It may take several attempts, but the laser can then be aimed at a
known point directly ahead.
The scope has a visible red laser line device attached, that may be used to get an idea as to
where the scope is pointed across the horizon, and should line up roughly to where the
infrared laser is expected to fall. With the laser turned on, receiver tuned, and the mirror
vibrating, the scope can be physically adjusted up and down until a pulse signal is observed on
an oscilloscope. If no signal is found, some fine tuning may be required at the amplifier and the
scope should be re-adjusted vertically. Small temperature changes may affect the amplifier’s
required tuning, and the DC offset of the amplifying transistors may need to be re-tuned. The
second amplifying stage is usually the only stage that requires regular fine tuning.
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6 Results
A simple LabVIEW program is setup to receive, translate, plot, scale and display the detected
time and linearized range. The visual interface is displayed in Figure 45. The list box labelled
“String” lists the received data after the received hexadecimal time string is converted to a
decimal time, which is also plotted. A button labelled “Take Sample” allows 100 samples to be
collected for analysis and listed in the list box labelled “Samples”.

Figure 45, computer software interface.
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Sample measurements are taken at known distances between the minimum and maximum
ranges, spaced 20cm apart. The average and standard deviation is then plotted in Figure 46 to
give an idea what the resulting linearization may require.

Figure 46, transmitted timing data vs. distance.

The data shows that after 2.7 meters, the time until the reciever detects the laser appears to
increase. This is unlikely as the theoretical pulse detection time should be reducing as the
detected object moves further away. Figure 47 shows a strong close pulse, in comparison to a
weaker distant pulse. Although the pulse time is always getting smaller as the object moves
further, the approach speed exponentially reduces. Eventually the extra time required to
detect the top of the vanishing distant pulses delays the detection of the pulse as a whole. This
can be reduced with some curve fitting software within the microcontroller. Matching the
shape of an ideal pulse to the actual pulse data(possibly with the use of least error square
methods) will assist in finding the true starting time of the fading pulse, but for simplicity the
current system restricts its range to 2.7 meters, avoiding the issue.

60 | P a g e

Figure 47, received signal at range.

Finally, the data from Figure 46 can be inserted into the LabVIEW program so that it may be
linearized by means of interpolation. The interface shown in Figure 45 then displays the actual
distance data on the level indicator, located on the left side. The displayed data shows a target
being aggressively moved back and forth over a 5 second period, and the running average of 7
samples is displayed to be 120 cm.
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7 Conclusion
The alternative design has been proposed, designed, physically constructed, and tested.
Results show a maximum range of 2.7 meters that is competitive with most existing
triangulation based rangefinders. These results however, are just the first of many possible
design configurations. Existing systems are commonly preconfigured to focus their detectable
range to specific regions.
Many changes can be implemented to improve the range, accuracy, sample rates, physical size
and price of the proposed system. Some possible upgrades are as follows:
1. The low frequency function generator powering the vibrating mirror can be replaced
with cheap, small, off the shelf components;
2. The whole receiver, amplifier, and filtering system can be replaced with existing
proven and developed components. Although common cheap laser optical
wavelengths do not match those used in existing receivers found in televisions, other
infrared receivers can be used. One such receiver may be those found in fibre optics
communication that matches their associated laser transmitters;
3.

Some fibre optic receivers filter the signal at modulation frequencies of 450 kHz.
Upgrading the laser driver modulation to these speeds would also increase the
response time of the receiver’s filter, giving more accurate results;

4. The microcontroller software can be upgraded to perform curve fitting on the analysed
pulse signal, increasing accuracy;
5. More efficient microcontroller transmission techniques can be used to transmit pulses
from both backward and forward swings of the mirror, increasing the possible
transmitted sample rate to 100 samples per second at the 50Hz vibration frequency;
6. An alternative coil device can be implemented that reduces power consumption,
friction, and produces precise and consistent vibrations.
7. Optical filtering can be implemented so that outdoor use may be possible.
With these upgrades from a very crude prototype, it appears possible that this design can
match and exceed existing triangulation range finders used today. As a result, such new
devices will encourage development of technology presently limited by detection range,
accuracy, and cost.
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Appendix A MSP430 Code
#include <msp430.h>
#define UART_TXD 0x02

// TXD on P1.1 (Timer0_A.OUT0)

#define UART_TBIT (1000000 / 9600)

// 9600 Baud, SMCLK = 1MHz

#pragma LOCATION(txData,0x284);
unsigned int txData;
#pragma LOCATION(delay,0x288);
unsigned int delay;
#pragma LOCATION(i,0x28C);
unsigned int i;
#pragma LOCATION(starttime,0x290);
unsigned int starttime;
#pragma LOCATION(endtime,0x294);
unsigned int endtime;
#pragma LOCATION(state,0x298);
unsigned int state;
#pragma LOCATION(tempTAR,0x29C);
unsigned int tempTAR;
#pragma LOCATION(laststart,0x2A2);
unsigned int laststart;
#pragma LOCATION(tempint,0x2B0);
unsigned int tempint;
void TimerA_UART_tx(unsigned char byte);
void TimerA_UART_print(char *string);
void printint(unsigned int passednum);

// UART internal variable for TX

// Function prototypes

void main(void){
// ===================================================startup
WDTCTL = WDTPW + WDTHOLD;
// Stop watchdog timer
DCOCTL = 0x00;
// Set DCOCLK to 1MHz
BCSCTL1 = CALBC1_1MHZ;
DCOCTL = CALDCO_1MHZ;
P1OUT &= ~0x40;
//start with indicator led off
//====================================================setup edge digital detection for mirror signal.
P1OUT |= 0x20;
//set input pin to true?
P1REN |= 0x20;
//enable a pullup/down resistor.
P1IFG &= ~0x20;
//make sure flag is not set
P1IES |= 0x10;
//neg edge
//====================================================setup adc
ADC10CTL0=ADC10SHT_3 + ADC10ON + ADC10IE+REFON+MSC+SREF_1;
//enable interrupt
ADC10CTL0 &= ~REF2_5V;
//measure 0-1.5V
ADC10CTL1 = INCH_7 + CONSEQ_2;
//input channel A7
ADC10DTC1=0x40;
//64 samples
ADC10AE0 |= 0x01;
//measure on p1.0
ADC10CTL0 &= ~ENC;
//disable interrupt (for now)
//====================================================timer setup for serial coms
P1OUT |= UART_TXD;
// Initialise P1.1
P1SEL = UART_TXD;
// Timer function for TXD pin
P1DIR = UART_TXD /*+0x40*/;
// Set TXD pin to output;
// Timer_A for transmit UART operation
TA0CCTL0 = OUT;
// Set TXD Idle as Mark = '1'
TA0CCTL1 = SCS + CM1 + CAP;
// Sync, Neg Edge, Capture
TA0CTL = TASSEL_2 + MC_2;
// SMCLK, start in continuous mode
//====================================================analog comparator setup
CACTL1 = CARSEL+CAREF0 + CAEX + CAIES;
//define comparator direction,
CACTL2 = P2CA0 + P2CA3 + P2CA2 + P2CA1 + CAF;
//select what pins to compare
CAPD = CAPD0;
//disable one of the pins from other uses
CACTL1 |= CAON;
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_BIS_SR(GIE);
// Enable CPU interrupts
state = 0;
for(;;)
{
//==============================================wait for pos edge
state = 1;
P1IE |= 0x20;
//enable interrupt
__bis_SR_register(CPUOFF+GIE);
// LPM0, ADC10_ISR will force exit
//==============================================wait for analogue pos edge
state = 2;
CACTL1 |= CAIE;
//enable comparator interrupt
__bis_SR_register(CPUOFF+GIE);
// LPM0, ADC10_ISR will force exit

//
//
//

//==============================================start acquisition and wait until completion
ADC10SA = 0x200;
//start address
ADC10CTL0 |= ENC + ADC10SC;
// start sampling and converting
__bis_SR_register(CPUOFF+GIE);
// LPM0, ADC10_ISR will force exit
P1OUT ^= 0x40;
CACTL1 &= ~CAIE;
P1IE &= ~0x20;
if (endtime > starttime && (endtime - starttime) < 12000)
{
printint(endtime-starttime);
for (delay = 0; delay < 1000; delay++){}
}
else if (65536-(starttime-endtime)< 12000)
{
printint(65536-(starttime-endtime));
for (delay = 0; delay < 1000; delay++){}
}

//12k is the cutoff time for false positives

}
}
//==========================================================printint converts an integer to hex
//
and transmits one character at a time
void printint(unsigned int passednum)
{
tempint = passednum;
tempint >>= 12;
tempint = tempint & 0xF;
if (tempint < 10)
TimerA_UART_tx(tempint+0x30);
else
TimerA_UART_tx(tempint+0x37);
tempint = passednum;
tempint >>= 8;
tempint = tempint & 0xF;
if (tempint < 10)
TimerA_UART_tx(tempint+0x30);
else
TimerA_UART_tx(tempint+0x37);
tempint = passednum;
tempint >>= 4;
tempint = tempint & 0xF;
if (tempint < 10)
TimerA_UART_tx(tempint+0x30);
else
TimerA_UART_tx(tempint+0x37);
passednum = passednum & 0xF;
if (passednum < 10)
TimerA_UART_tx(passednum+0x30);
else
TimerA_UART_tx(passednum+0x37);
TimerA_UART_tx('\n');
}
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// ============================================================Outputs one byte using the Timer_A UART
void TimerA_UART_tx(unsigned char byte) {
while (TACCTL0 & CCIE);
// Ensure last char got TX'd
TA0CCR0 = TAR;
// Current state of TA counter
TA0CCR0 += UART_TBIT;
// One bit time till first bit
txData = byte;
// Load transmit data, e.g. 'A'=01000001
txData |= 0x100;
// Add mark stop bit, e.g. 101000001
txData <<= 1;
// Add space start bit, e.g. 1010000010
TA0CCTL0 = OUTMOD0 + CCIE;
// Set TXD on, enable counter interrupt
}
// ====================================================Prints a string using the Timer_A UART
void TimerA_UART_print(char *string) {
while (*string)
TimerA_UART_tx(*string++);
}
// ====================================================Timer_A UART - Transmit ISR
#pragma vector = TIMER0_A0_VECTOR
__interrupt void Timer_A0_ISR(void) {
static unsigned char txBitCnt = 10;
TA0CCR0 += UART_TBIT;
// Add Offset to CCRx
if (txBitCnt == 0) {
// All bits TXed?
TA0CCTL0 &= ~CCIE;
// All bits TXed, disable interrupt
txBitCnt = 10;
// Re-load bit counter
}
else {
if (txData & 0x01)
TA0CCTL0 &= ~OUTMOD2;
// TX Mark '1'
else
TA0CCTL0 |= OUTMOD2;
// TX Space '0'
}
txData >>= 1;
// Shift right 1 bit (low bits TX'ed first)
txBitCnt--;
}
//===========================================adc interrupt
#pragma vector = ADC10_VECTOR
__interrupt void ADC10_ISR(void)
{
_BIS_SR(GIE);
// Enable CPU interrupts
__bic_SR_register_on_exit(CPUOFF);
}
//==================================================== analogue Comparator interrupt
#pragma vector = COMPARATORA_VECTOR
__interrupt void COMPA_ISR(void)
{
tempTAR = TAR;
if((P1IN & 0x20) != 0x20)
{
endtime =tempTAR;
P1IE &= ~0x20;
//disable digital interrupt
//CACTL1 &= ~CAIE;
_BIS_SR(GIE);
// Enable CPU interrupts
__bic_SR_register_on_exit(CPUOFF);
}
}
//======================================================DI interrupt
#pragma vector = PORT1_VECTOR
__interrupt void PORT_1(void)
{
starttime=TAR;
P1IFG &= ~0x20;
P1IE |= 0x20;
//enable interrupt
if (state == 1)
{
_BIS_SR(GIE);
// Enable CPU interrupts
__bic_SR_register_on_exit(CPUOFF);
}
}
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Appendix B Labview Code
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Appendix C Oscilloscope Samples
Figure 48 and Figure 49 show step tests on a possible half rectifier, and full rectifier design. The
observed noise in the full wave rectifier test indicated a design flaw, motivating the
implementation of the half wave rectifier.

Figure 48, half wave rectifier step test.

Figure 49, full wave rectifier step test.

The following figures show detected waveforms at multiple ranges between 0.5 and 3 meters.
The initial falling edge indicates that the laser sweep is changing direction, and the pulse
occurs at the time of intersection.
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Figure 50, signal response at 0.5m.

Figure 51, signal response at 0.6m.

Figure 52, signal response at 0.7m.
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Figure 53, signal response at 0.8m.

Figure 54, signal response at 0.9m.

Figure 55, signal response at 1.0m.
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Figure 56, signal response at 1.2m.

Figure 57, signal response at 1.4m.

Figure 58, signal response at 1.6m.
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Figure 59, signal response at 1.8m.

Figure 60, signal response at 2.0m.

Figure 61, signal response at 2.2m.
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Figure 62, signal response at 2.4m.

Figure 63, signal response at 2.6m.

Figure 64, signal response at 2.8m.
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Figure 65, signal response at 3.0m.
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Appendix D Sample Transmitted Decimal Timing Data
100 samples of pulse timing data is recorded in Table 8, with a target placed at multiple
ranges. From this data the averages and standard deviations are calculated. The averages are
used to interpolate the timing data into a linear range.
74cm 80cm 100cm 120cm 140cm 160cm 180cm 200cm 220cm 240cm 260cm 280cm 300cm 320cm 340cm 360cm 380cm
1 10780 10265 9467 8903 8499 8243 8016 7891 7734 7591 7611 7504 7668 7476 7379 7783 7726
2 10854 10272 9455 8887 8496 8264 8111 7904 7816 7755 7725 7795 7587 7774 7668 7491 7701
3 10805 10329 9415 8864 8554 8208 8006 7894 7799 7616 7634 7520 7509 7679 7645 7798 7502
4 10809 10272 9448 8857 8502 8236 8054 7937 7761 7653 7628 7560 7442 7626 7521 7544 7836
5 10816 10289 9497 8899 8500 8241 8082 7905 7858 7812 7652 7547 7564 7423 7623 7530 7685
6 10789 10304 9474 8888 8542 8206 8025 7887 7789 7724 7701 7622 7667 7876 7507 7801 7865
7 10783 10233 9464 8861 8522 8232 8013 7932 7873 7598 7629 7481 7577 7612 7576 7534 7743
8 10901 10239 9422 8884 8562 8205 8079 7929 7801 7613 7532 7592 7429 7641 7647 7777 7474
9 10854 10306 9485 8874 8495 8229 8002 7925 7798 7653 7562 7667 7678 7673 8016 7882 7654
10 10892 10206 9453 8863 8550 8215 8020 7838 7748 7806 7504 7473 7671 7748 7632 7857 7958
11 10907 10336 9481 8907 8487 8243 7996 7867 7801 7707 7494 7605 7547 7570 7554 7483 7758
12 10745 10279 9466 8873 8506 8209 8018 7935 7756 7715 7512 7521 7471 7632 7724 7698 7819
13 10906 10259 9473 8889 8527 8216 8020 7867 7912 7573 7527 7549 7478 7791 7547 7609 7625
14 10945 10298 9470 8888 8500 8244 8015 7938 7900 7649 7680 7515 7633 7802 7687 7558 7683
15 10816 10259 9455 8865 8509 8203 8012 7877 7743 7780 7603 7638 7648 7601 7607 7777 7754
16 10879 10239 9489 8919 8507 8217 8031 7864 7760 7653 7708 7561 7487 7450 7878 7699 7931
17 10992 10286 9504 8850 8513 8215 8025 7970 7915 7590 7658 7601 7680 7900 7909 7707 8079
18 10858 10283 9453 8867 8551 8214 8014 7874 7777 7610 7572 7577 7615 7750 7541 7599 7705
19 11052 10257 9500 8893 8515 8211 8082 7827 7765 7636 7618 7493 7580 7748 7478 7885 8041
20 10906 10340 9465 8860 8516 8208 7989 7886 7726 7786 7624 7679 7579 7557 7639 7530 8122
21 10860 10357 9493 8919 8534 8204 8038 7899 7728 7672 7679 7587 7499 7651 7523 7732 7754
22 11073 10278 9465 8934 8502 8233 7977 7869 7691 7817 7655 7521 7477 7644 7703 7655 7832
23 10848 10294 9468 8851 8502 8227 8081 7860 7730 7615 7649 7666 7611 7680 7674 7706 7786
24 10878 10337 9478 8909 8542 8251 7989 7873 7805 7611 7616 7582 7631 7677 7491 7932 7877
25 10942 10250 9483 8897 8483 8193 8020 7876 7767 7653 7680 7647 7601 7681 7458 7836 7408
26 10811 10292 9491 8854 8499 8267 8042 7907 7798 7749 7648 7581 7508 7663 7617 7713 7885
27 10728 10271 9457 8916 8528 8268 7971 7884 7881 7697 7626 7499 7449 7598 7801 7747 7850
28 10839 10298 9449 8921 8512 8209 8022 7991 7832 7703 7682 7426 7526 7801 8062 7702 7911
29 10915 10269 9492 8880 8531 8226 8067 7937 7781 7738 7612 7644 7564 7668 7551 7643 7773
30 10976 10264 9472 8909 8514 8266 8086 7868 7793 7631 7538 7603 7630 7599 7849 7870 7840
31 10811 10298 9481 8890 8547 8227 7981 7868 7759 7641 7784 7639 7616 7761 7702 7605 7540
32 10953 10277 9432 8918 8531 8175 8022 7912 7791 7697 7516 7613 7608 7660 7569 7545 7571
33 10962 10196 9426 8889 8499 8243 8066 7870 7837 7719 7649 7492 7609 7691 7449 7508 7555
34 10977 10274 9452 8872 8477 8217 8018 7865 7777 7754 7516 7469 7464 7784 7379 7774 7646
35 10875 10264 9438 8879 8543 8237 8054 7902 7793 7602 7517 7622 7662 7720 7640 7697 7448
36 10870 10217 9424 8901 8530 8201 8065 7835 7876 7644 7495 7630 7703 7428 7640 7625 7917
37 10952 10298 9449 8944 8533 8267 8006 7925 7754 7686 7483 7619 7634 7423 7567 8000 7698
38 11025 10260 9433 8933 8547 8251 8036 7919 7746 7670 7616 7519 7614 7590 7486 7665 7934
39 10901 10198 9470 8856 8543 8237 8017 7893 7832 7684 7791 7476 7699 7447 7963 7863 7709
40 10797 10312 9462 8871 8553 8237 8010 7851 7787 7676 7685 7468 7438 7949 7321 7563 7866
41 10875 10235 9461 8885 8514 8244 8096 7992 7786 7621 7482 7506 7653 7526 7525 7622 7710
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42 10953 10289 9467 8842 8549 8254 8041 7880 7748 7709 7575 7629 7524 7559 7524 7623 8043
43 10848 10311 9446 8874 8529 8201 8019 7975 7748 7761 7526 7637 7491 7786 7460 7948 7615
44 10882 10284 9452 8859 8512 8218 8101 7891 7773 7636 7570 7604 7536 7820 7723 7725 7747
45 10932 10269 9446 8887 8540 8249 7999 7964 7766 7744 7595 7625 7520 7832 7644 7700 7922
46 10861 10242 9454 8856 8546 8253 8040 7877 7738 7630 7780 7546 7427 7456 7844 7876 7518
47 10842 10284 9471 8929 8503 8225 7980 7916 7782 7779 7574 7486 7488 7503 7720 7871 7696
48 10897 10269 9448 8883 8577 8237 8031 7918 7822 7753 7597 7441 7399 7631 7556 7540 8005
49 10811 10316 9418 8865 8525 8224 7983 7893 7811 7613 7685 7530 7436 7648 7768 7825 7772
50 10915 10253 9449 8883 8534 8200 8018 7867 7890 7641 7637 7567 7509 7511 7640 7812 7830
51 10798 10311 9487 8855 8524 8202 8042 7882 7822 7675 7626 7708 7473 7654 7912 7874 7755
52 10945 10349 9460 8926 8560 8212 8000 7898 7844 7784 7500 7546 7699 7647 7513 7907 7767
53 10809 10368 9456 8841 8519 8241 7999 7880 7715 7735 7500 7607 7524 7516 7466 7495 8116
54 10816 10280 9408 8902 8512 8245 8044 7846 7745 7689 7556 7550 7693 7539 7538 7817 7971
55 10763 10306 9418 8899 8527 8231 8051 7850 7808 7627 7732 7475 7634 7651 8011 7584 7957
56 10805 10240 9411 8835 8527 8245 8005 7868 7835 7696 7573 7464 7640 7529 7709 7387 8043
57 10798 10394 9434 8853 8552 8235 8052 7945 7747 7762 7514 7443 7497 7563 7707 7710 8054
58 10874 10224 9387 8900 8516 8219 7991 7892 7711 7704 7581 7718 7658 7676 7651 7583 7570
59 10809 10292 9408 8866 8512 8216 8050 7898 7758 7677 7687 7584 7701 7680 7653 8096 7826
60 10793 10334 9427 8836 8512 8221 7989 7852 7769 7778 7491 7813 7500 7490 7619 7649 7823
61 10798 10334 9426 8865 8546 8275 8043 7838 7803 7694 7598 7583 7496 7614 7583 7692 7752
62 10853 10329 9409 8827 8563 8235 8045 7876 7757 7667 7489 7639 7456 7677 7465 7652 7463
63 10795 10314 9413 8857 8550 8222 8008 7899 7747 7700 7649 7630 7577 7936 7722 7812 7727
64 10660 10335 9439 8844 8492 8194 8031 7908 7701 7825 7655 7661 7511 7654 7450 7821 7748
65 10811 10321 9423 8823 8492 8242 8002 7941 7925 7608 7486 7642 7667 7451 7730 7588 7622
66 10640 10261 9426 8853 8510 8220 8070 7880 7856 7597 7512 7614 7496 7501 7768 7473 7635
67 10718 10342 9419 8844 8583 8207 8032 7900 7812 7580 7638 7547 7459 7720 7712 7872 7666
68 10876 10266 9405 8872 8553 8216 7963 7926 7726 7617 7680 7607 7428 7477 7730 7647 7761
69 10839 10330 9393 8820 8525 8215 8008 7910 7798 7586 7536 7539 7530 7600 7513 7519 7456
70 10817 10321 9446 8844 8524 8196 8031 7886 7852 7600 7581 7485 7657 7467 7491 7589 7588
71 10872 10311 9423 8883 8537 8237 8018 7914 7836 7654 7570 7478 7702 7693 7668 7690 7878
72 10661 10342 9441 8856 8521 8224 8063 7915 7777 7648 7621 7524 7731 7759 7765 7865 7689
73 10735 10333 9386 8861 8521 8279 7999 7901 7693 7568 7567 7612 7695 7725 7533 7751 7829
74 10722 10330 9410 8862 8521 8202 8091 7884 7880 7644 7606 7611 7508 7455 7558 7796 7857
75 10722 10335 9414 8864 8501 8194 7961 7954 7771 7751 7739 7541 7726 7632 7449 7800 7661
76 10780 10365 9406 8824 8552 8190 8076 7948 7772 7727 7507 7482 7685 7740 7387 7870 7815
77 10866 10332 9376 8895 8503 8215 7988 7928 7722 7771 7632 7491 7498 7473 7434 7385 7739
78 10773 10381 9387 8823 8488 8229 8033 7907 7717 7633 7668 7615 7646 7436 8189 7668 7709
79 10837 10286 9411 8847 8504 8216 7983 8004 7787 7670 7543 7651 7584 7544 7732 7708 7801
80 10712 10367 9451 8864 8520 8301 8097 8024 7850 7582 7636 7640 7656 7713 7671 7663 7713
81 10770 10377 9413 8836 8544 8259 8046 7960 7734 7566 7527 7554 7736 7426 7445 7514 7532
82 10770 10380 9387 8860 8508 8251 8001 7912 7729 7577 7604 7570 7510 7702 7485 7403 7875
83 10744 10435 9403 8877 8542 8224 8051 7856 7731 7928 7662 7541 7540 7715 7577 7924 7620
84 10762 10364 9395 8878 8516 8213 7998 7858 7776 7682 7599 7501 7687 7806 7539 7627 7911
85 10648 10379 9404 8847 8516 8244 8071 7926 7827 7717 7512 7661 7468 7477 7574 7711 7569
86 10718 10328 9421 8863 8520 8319 8023 7922 7761 7613 7577 7584 7486 7894 7651 7618 7863
87 10615 10347 9383 8829 8538 8204 7990 7900 7699 7656 7651 7531 7713 7461 7754 7575 7716
88 10766 10393 9423 8850 8535 8322 8045 7839 7725 7664 7501 7492 7618 7551 7454 7773 7819
89 10602 10355 9427 8816 8617 8213 8047 7870 7852 7642 7699 7554 7568 7670 7494 8060 7678
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90 10726 10371 9422 8870 8558 8223 8029 7853 7853 7817 7608 7524 7472 7523 7541 8109 7866
91 10803 10302 9391 8826 8516 8232 7999 7959 7789 7599 7551 7475 7632 7859 7668 7649 7816
92 10682 10429 9425 8881 8505 8211 8041 7896 7768 7687 7591 7639 7660 7812 7626 7926 7953
93 10746 10320 9418 8819 8519 8216 8021 7884 7739 7763 7648 7534 7510 7513 7685 7827 7818
94 10659 10373 9432 8795 8521 8205 8003 7959 7727 7591 7526 7625 7519 7729 7775 7808 7773
95 10753 10415 9422 8856 8521 8249 8058 8100 7736 7805 7656 7559 7604 7793 7700 7546 8040
96 10671 10351 9440 8841 8557 8189 8031 7892 7818 7727 7531 7710 7642 7699 7492 7793 7550
97 10618 10420 9462 8889 8526 8226 8032 7913 7836 7625 7609 7442 7570 7536 7489 7809 7725
98 10743 10384 9407 8881 8546 8224 8063 7908 7829 7683 7549 7618 7525 7734 7853 8037 7619
99 10773 10363 9429 8881 8520 8207 8038 7952 7755 7670 7613 7598 7549 7666 7660 7824 7790
100 10689 10378 9436 8857 8501 8222 8017 7872 7881 7668 7542 7620 7493 7487 7419 7551 7681

Table 8, sample data for statistical analysis.
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