
An Optical Positioning System for the Nano-Walker

by

Ornar Roushdy

Submitted to the Department of Mechanical Engineering

in partial fulfillment of the requirements for the degree of

Master of Science

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

September, 2000

@ Massachusetts Institute of Technology, 2000. All Rights Reserved.

A uthor ........................................ .. . .--------------
Department of Mechanical Engineering

September, 2000

C ertified by .............. .-- - - -
Professor Ian W. Hunter
Mechanical Engineering

A ccepted by ........................................
Professor Ain Sonin

Chairman, Department Committe on Graduate Students

MASSACHUSETTS INSTITUTE
OF TECHNOLOGY

SEP 2 0 2000

LIBRARIES



Acknowledgements

There are a number of people whom without this work would not have been possible.

I would like to thank Professor Ian Hunter for providing the opportunity to work on
this project. He suggested the use of a lateral effect photodiode, and acted, patiently, as my
advisor while working the project. Working for Professor Hunter was an experience not to
be soon forgotten.

Thanks to Sylvain Martel for his patience, support, and help. He was always very gen-
erous with both time and expertise.

Many thanks are due to Peter Madden who spent countless hours helping with almost
every aspect of the project. He never hesitated to stop and explain anything, even if it was
for the second or third time. Without Peter's help this thesis would have taken much
longer, been much less educational, and certainly far less enjoyable.

Many thanks are also due to John Madden, who was always in lab, willing to listen,
critique, and suggest. Also, without John's help, the signing of this thesis would have been
delayed at least two weeks.

Matthew Graham provided the original code which ran the analog to digital conversion
board. He also provided help in writing the code to run the experiment and collect the
data. Similarly, thanks to Patrick Anquetil and Bryan Crane for helping with software, and
lending software of their own.

It would be hard to thank Professor Ernie Cravalho enough. Aside from providing
funding through a Teaching Assistantship twice, he has been incredibly helpful and sup-
portive both through the course of this project, and in the years preceding it. Working as an
assistant to him, and to Professor Joseph Smith, was one of the most educational, and most
enjoyable experiences of the past years. To say that I would not be here without his help
would be an understatement.

Thanks are due to Professor C. Forbes Dewey for all the time he has spent instructing
me in measurement techniques, and to Professors John H. Lienhard V,
C. Forbes Dewey, and Arthur Mattuck, for providing a diversion at times when it was
needed most, and for their patience with other projects while I completed this one.

Finally, I owe a great deal of thanks to Professor Rohan Abeyaratne, and Professor

J. H. Williams. Although they were not involved with this project, they have provided
invaluable help, support, and advice.

2



An Optical Positioning System for the NanoWalker
by

Omar Roushdy

Submitted to the Department of Mechanical Engineering on June
26, 2000, in partial fulfillment of the requirements for the degree of

Master of Science in Mechanical Engineering

Abstract

This thesis presents an optical positioning system for the NanoWalker robot. The system is
based on a lateral effect photo-diode sensor. The thesis compares various methods of posi-
tioning and provides a rationale for selecting the lateral effect photo-diode. It then pro-
ceeds with a selection of components for the positioning system. The system is shown
capable of resolutions on the order of 5 micrometer, and 10 micrometers over circular
areas of diameter 235 mm and 400 mm respectively, with 95% certainty. An explanation
of the results is followed by an extension of the results to angular measurements, and
velocity measurements. Finally, it is suggested that the size of the system be reduced to
gain performance by reducing the signal loss, and the overall positioning area.

Thesis Supervisor: Ian W. Hunter
Title: Professor of Mechanical Engineering



Table of Contents
1 Introduction ...................................................................................................................... 7

1.1 Introduction ......................................................................................................... 7
2 The Choice of PSD and Its H istory .................................................................................. 11

2.1 Selecting a Position Sensing Technology ........................................................... 11
2.2 The Lateral Effect ............................................................................................. 20
2.3 A Brief Survey of PSD Applications and Uses in the Literature. ............. 23

3 Experim ental Setup .................................................................................................... 25
3.1 O verview of the Setup ....................................................................................... 25
3.2 Selecting the Com ponents .................................................................................. 29
3.3 Procedures ......................................................................................................... 36

4 Results ............................................................................................................................ 38
4.1 Positioning Results ........................................................................................... 38
4.2 A ngular Results ................................................................................................ 44
4.3 D eterm ining a V elocity ....................................................................................... 45
4.4 Positioning M ultiple N anoW alkers .................................................................... 46

5 Conclusions and Recom m endations ........................................................................... 50
5.1 Lim itations on the System and Suggestions ........................................................... 50
5.2 Conclusions ...................................................................................................... 52

6 Refer ces........................................................................................................................ 54
7 A ppendix A PSD D ata Sheets......................................................................................... 55
8 A ppendix B LED D ata Sheets..................................................................................... 57



List of Figures
1.1 The nano-runner. A smaller non-autonomous version of the NanoWalker. ............. 10
2.1 Schematic of currents from two dimensional PSD (Copied from On-Trak application
n o te s). ................................................................................................................................ 2 1
2.2 Schematic of actual PSD (Copied from On-Trak Application notes) ...................... 22
2.3 Depiction of incident light on a PSD (Copied from On-Trak application notes) .......... 22
2.4 Circuit model for two dimensional PSD (Copied from On-Trak application notes). ...23
3.1 Experimental Setup (Courtesy Dr. Sylvain Martel) ............................................... 27
3.2 E xperim ental Setup .................................................................................................. 28
3.3 PSD Responsivity Curve (Copied from On-Trak PSD Notes) ................................. 33
4.1 Position Standard Deviation as a Function of Real Sampling Frequency ................ 40
4.2 Resolution as a function of Real Sampling Frequency. ............................................ 41
4.3 Resolution as a function of Integration Time........................................................... 42



6



Chapter 1

Introduction

1.1 Introduction
Current microscopes are based on mounting the sample in the microscope and holding

it with some proximity to an optical, or mechanical instrument. In this configuration the

components involved in the data acquisition are far smaller than the instrument as a whole.

The purpose of the additional material is to fix the sample with relation to the instrument,

and provide a means for locating the scanning tip over the scanned surface. Thus, there is

an opportunity to miniaturize the system by devising a platform that will bring the sample

and scanning tip in contact but does not require the additional material on current instru-

ments. Not only would this reduce the size of the instrument, but also the manufacturing

time and the cost. If the new platform were sufficiently small, it would also increase the

utility of the instrument by making it possible to move the instrument between samples

with minimum effort and time required.

The NanoWalker is such a platform. It is a platform for mounting microscopy instru-

ments, be they optical or mechanical, locating them with respect to the surface, and later

moving them to another location to acquire data. The NanoWalker platform is a three

legged wireless autonomous robot. The three legs are constructed of piezo electric mate-

rial. By actuating these legs the NanoWalker can be made to take to walk in sub-microme-

ter steps, and hence, it can locate the instrument it carries with sub-micrometer resolution.

To exploit this ability it is necessary to have a means of measuring the NanoWalker's loca-

tion that is of comparable accuracy. Since the NanoWalker scans over relatively small

areas, but can traverse over a relatively large area, an accurate positioning system would

necessarily have a very large dynamic range. To achieve this, the positioning system is
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broken into subsystems that interface with each other. One system provides the coarse

positioning, operating over a large surface area and locating the NanoWalker within

micrometers of its final destination. The other system operates over a smaller area and

locates the NanoWalker based on surface features in the sample. These two systems inter-

act to guide the NanoWalker to its desired location much in the same way an aircraft pilot

interacts with the Global Positioning System. While the aircraft is covering long distances

it is guided by GPS. Once it is in view of its destination, the pilot takes over relying on his

vision to guide the aircraft directly onto the runway. Since the coarse positioning system

will be used to guide the NanoWalker as it walks over a surface it is necessary not only to

be able to determine its position, but also its velocity and orientation such that it may be

guided to follow a desired trajectory.

The NanoWalker typically carries an instrument to gather data about a site on a sur-

face, or to gather data about a particular sample that it approaches. However, it can also

use instruments to manipulate a sample. For example, a NanoWalker fitted with a scanning

tunnelling microscope tip can use the tip to scan over a surface and determine its proper-

ties, it can also use the tip to pick up atoms and manipulate them.

One goal of the NanoWalker project is to be able to perform atomic scale manipula-

tions on a surface and construct microstructures, a task which could involve several robots.

This requires the ability to locate several NanoWalkers at the construction site with atomic

scale accuracy. Such positioning accuracy is achieved, as described above, by two posi-

tioning systems that interface with each other. The so called Atomic Scale Positioning

System (ASPS) is responsible for the fine positioning via surface features, and the Global

Scale Positioning system (GSPS) is responsible for coarse positioning of the robot and

guidance over the work area.
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The focus of this thesis is the development of the Global Scale Positioning System.

The system developed for the coarse positioning of the NanoWalker is optically based. It

relies on a lateral effect photo diode which employs the lateral effect phenomenon to

determine the location of a spot of light on its surface. The thesis proceeds with a survey

of available position sensing technologies, the requirements for the NanoWalker position-

ing system, and the rationale for using a lateral effect photo diode. The experimental setup

is then presented along with the criteria for selection of the various components followed

by experimental procedures for determining the system's performance, and how it is

affected by varying certain parameters, such as ambient light and sample integration time.

The results are then presented along with calculations for the expected response of the sys-

tem. Finally, the conclusions are presented along with recommendations for future work.

The figure on the following page is the NanoRunner. The NanoRunner is a smaller

uninstrumented version of the NanoWalker. Although they do not share the same platform,

they are very similar, and they operate in the same manner. The NanoRunner is essentially

a test bed for the NanoWalker platform.
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Chapter 2

The Choice of PSD and Its History

2.1 Selecting a Position Sensing Technology

There are a number of different alternatives available for a positioning system. For this

application a lateral effect photo-diode was chosen (LEP). The LEP is a semiconductor

device that outputs currents proportional to the location of the center of gravity of a spot of

light on its surface. The following is an analysis of other techniques considered, and the

rationale for selecting a lateral effect photo-diode.

To better understand the overall purpose of a Global Scale Positioning System

(GSPS), consider the analogy with an aircraft control tower at an airport. The control

tower is aware of the location, identity, trajectory, and intent, of all aircraft in the vicinity

at all times. It uses this information to optimize the arrival and departure of flights so as to

minimize waiting time and avoid collisions. The system requires no active participation

from the aircraft to be located or tracked, and requires no computation, or decision mak-

ing, on the aircraft's part. The control tower speaks to all aircraft in parallel. The result is a

much more efficient means of operation. Decisions are quick and there is no chain effect,

as there would be if they aircraft were to talk to each other sequentially. Since the decision

architecture is all located in a central entity, it avoids the redundancy of having a decision

frame work on board each aircraft, and it frees up the resources of the crew so they can

focus on operating their aircraft as directed by the control tower. In much the same way,

the GSPS is expected to guide the NanoWalkers and coordinate their motion so as to

achieve the most efficient means of interrogating, or manipulating a sample. With this

analogy in mind, some requirements for the positioning system are presented.
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A suitable positioning system should meet a number of design criteria such that it min-

imally restricts the design of the NanoWalker and its uses, both in the current version and

in future versions. As an example, since the NanoWalker is wireless, it is necessary to

minimize power consumption as all power will either come from a battery or through

momentary contact with an active power source. Although current battery technology does

not provide the energy density to make a battery powered NanoWalker feasible, it is possi-

ble that in the future batteries will have the necessary power density, or the power con-

sumption will be reduced. In any case, the requirements for the positioning system carry

over.

If the NanoWalker is battery powered, then minimizing the power consumption will

increase the battery life, therefore allowing more work time in between charging sessions.

In addition to reducing battery consumption, the time taken for the NanoWalker to traverse

from one location on the sample to another should be minimized as this will allow more

sampling time for a given battery life. Since the Global Scale Positioning System is faster

than the Atomic Scale Positioning System, then the NanoWalker should be guided by the

GSPS whenever possible. In order to minimize the time when it is guided by the ASPS,

the GSPS should be capable of bringing the NanoWalker as close to its destination as pos-

sible, thus minimizing the area over which the ASPS must scan for surface features.

Whether the NanoWalker is battery powered, or powered by momentary contact with a

power source, the positioning system should require the minimum power from the robot.

This means that all detection and computation, if at all possible, should be done outside

the robot on the positioning station itself. Minimizing the power consumption is not only

important because of the power source, it is also important to reduce the heat dissipated in

the NanoWalker.
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It is also desirable to shrink the Nano-Walker as much as possible because this will

allow a greater number of NanoWalkers to be in a given space at one time, as well as

reducing the NanoWalker's mass. This will reduce its inertia, and therefore reduce its

power consumption as well as increase its controllability.

Having many robots working simultaneously on one sample will allow a greater num-

ber of samples to be taken, and a greater surface area to be scanned in a given amount of

time. In order to have multiple robots working on a given sample they must be coordinated

such that they do not collide, and they do not overlap, unless it is intended for them to do

so. Furthermore, it is necessary to be able to identify the robots individually for a number

of reasons. The robots are not identical, some may carry Scanning Tunneling Microscope

(STM) tips, some may carry optical fiber, some may carry other instruments. Alluding to

the analogy with aircraft control, it is necessary to have a central control tower that is

aware of the location, trajectory, and identity of each of the robots, and can direct them

much the same way an aircraft control tower directs aircraft at an airport. In order to direct

the NanoWalker, it is necessary to be able to predict its actual trajectory and provide a cor-

rection based on a comparison with some desired trajectory. Thus, the system must be able

to find not only position, but also velocity and orientation of a given robot.

Being able to identify individual robots is important for reasons other than knowing

what instrument they carry. It is important so that re-charging can be coordinated in case a

battery powered robot is used in the future. For all of these reasons the control tower must

be able to identify each robot and obtain information on it's position and trajectory. It is

highly desirable to have a single positioning system that can be used to locate all of the

robots, identify, and provide information about their trajectory (i.e. orientation, and veloc-

ity). Furthermore, the system should be modular, such that additional robots can be added

to the workspace, and immediately they can be identified and tracked with no necessary
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additions to the positions system, again, much the same way an air traffic radar tower

operates. Planes fly into the control tower's airspace, and they are located and directed

without need for modification of the location system. From the previous discussion a num-

ber of requirements for the positioning system become apparent. These requirements place

constraints on candidate technologies. To summarize, below is a list of attributes that a

positioning system should have In order to be suitable for this application:

1- As accurate as possible.

2- Require minimal hardware on the robot itself, if any at all.

3- Require minimal power consumption from the robot

4- Allow differentiation between individual robots

5- Require minimal computation on board the robot.

6- Be minimally invasive to the working area and sample.

7- Be able to position multiple robots simultaneously.

Some of the options considered for the GSPS are presented below. Given the above

constraints, the lateral-effect photo diode, or PSD (Position Sensing Detector) as it is often

called, is the best, and only option that satisfies the constraints. Following is a comparison

of different alternatives for positioning that will illustrate why this is so.

Different alternatives for Global Scale Positioning System:

1-Dead Reckoning

2-Interferometry

3-Radar

4-Gyroscopes

5- CCD observation

6- Lateral Effect Photo diode
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1- Dead Reckoning

Dead reckoning provides a rapid way of estimating the position, however due to

imperfections in the robot legs, or assembly, or irregularities in the walking surface, errors

accumulate, and the result is dead reckoning does not provide the resolution needed. The

positioning system is needed in part to provide feedback to the robot so that it may correct

deviations in its course that rise as a result of errors in position accumulating as the robot

walks. Additionally, dead reckoning requires the robot to perform all calculations and

transmit the information back to the central control. This both increases the calculations

the robot must perform, and increases the data it must transmit, which in turn takes more

power to transmit. Dead reckoning can be used for short distances on the periphery of the

work space outside the reach of the positioning system, where distances are short and high

accuracy is not necessary.

2- Interferometry

Interferometry seems at first an attractive option because it has the desired dynamic

range, and can certainly provide the accuracy needed, however, it has other forbidding

limitations. For each interferometer, a laser is required. To measure position in two dimen-

sions, each laser must be mounted either on a linear stage, or a rotary stage. These lasers

would require very accurate tracking algorithm in order to follow the robots on the sur-

face, adding further complexity to the system. A reflective surface would be needed on the

robot to reflect the lasers back to the interferometer. The reflection would have to be

directed back at the laser, regardless of the incident angle, in order to make the measure-

ment. This reflective surface in itself would be very complicated. It would need to reflect

directly back to two separate interferometers, as if it had two retro-reflectors, but also, the

reflection would need to be independent of the rotation of the robot. This inherently means

that an interferometric positioning system for this application cannot make an angular
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measurement. If for some reason a laser were to lose contact with its NanoWalker, it

would be very difficult to find it again. With several robots on one work space, inevitably

the robots will cross each others laser paths causing the laser to lose track of its intended

robot. There is a relatively large amount of data processing associated with calculating the

robot's position from the information taken on the interferometers, and then making the

interferometers track. Finally, the system is very costly, and not scalable.

3- Radar
Although small scale radar is an attractive option, it doesn't provide the desired resolu-

tion, and has other problems. With radar there is no way to identify individual robots in a

work space where there are many robots working. Unlike an airplane, the NanoWalker has

no direct means for identifying itself to the positioning system. It cannot inform the tower

of its position, as it has no independent positioning system. Furthermore, if at all possible,

it is desirable to avoid sending any sort of signal or field towards the working area as it

may disturb certain samples, cells, for example.

4- Gyroscope
Gyroscopes and other inertial guidance systems are clearly not practical. They add

weight and size to the robot, have relatively high power consumption, as well as raising

the power consumption of the whole robot as a result of the increased mass.

5- CCD Observation
It is possible to use a camera to detect position [1]. That has the advantage that is com-

pletely passive i.e., it requires no input from the robot what so ever. However, a video cam-

era is limited in both resolution and sampling rate. Typical Video cameras sample at 30

frames per second, and their resolution is limited by pixel size. In this case, for a work

space half meter a in length, the resolution of a CCD is given by
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Resolution = (500) 2.1
1'

where p is pixel size in micrometers, and 1 is the length of a side of the CCD in milli-

meters. In this case, for a 20 mm x 20 mm CCD (the size of the PSD used) with a pixel

size of seven micrometers, which is typical, the maximum theoretical resolution would be

175 micrometers. Although it is possible to improve this resolution by using pixel interpo-

lation, it greatly increases the computation required, additionally, CCDs still present other

disadvantages. If a CCD is used, complex image processing software would be necessary

to determine the position of a NanoWalker. It would be difficult to distinguish between

individual robots without placing some distinguishing feature on each NanoWalker. Even

with individual markings, the software to distinguish one robot from another would be

complex. Finally, with a maximum sampling rate of 30 Hz, a velocity measurement is not

feasible. The maximum speed of the NanoWalker is 200 mm/s. At maximum speed, the

NanoWalker would cover 666 micrometers between two samples taken by the CCD. This

makes it difficult to simultaneously measure position, and velocity. Additionally, with only

30 samples per second, it would take a long time to integrate to improve the signal to noise

ratio. These problems can be overcome by using a lateral effect photo-diode.

6- Lateral Effect Photo diode
The workings of a lateral effect photo diode, or so called Position Sensing Detector

(PSD), will be discussed in the next section. For the purposes of explaining why it was

selected as a position sensor it is sufficient to know that it is a light sensitive semiconduc-

tor surface which when struck by light outputs currents proportional to the location of the

centroid of the light spot. A few years ago, it would have been difficult to use a PSD for

this application, however, recent advances in the manufacturing have made it possible to

use these devices. Specifically, they can now be manufactured with high linearity, low
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capacitance, and uniform resistivity over the surface which makes them practical for use in

position sensing systems such as ours. With a dynamic range of a million to one (manufac-

turer's claim) [1], the theoretical limit on resolution imposed by the PSD is half a

micrometer over a half meter work space.

Resolution = Range 2.2
DynamicRange

In practice the resolution is usually not limited by the PSD but by other factors such as

the optics, the electronics, and the data acquisition system. The manufacturer claims a typ-

ical resolution of 1 to 2 g m at the surface of the PSD which translates to 25 to 50 g m at

the working surface. Given the claimed dynamic range though, it is possible to improve on

this accuracy with high quality optics and electronics, and careful shielding of the system

from possible noise sources. A PSD is one of the most accurate, and repeatable devices

that can be used for such a positioning system. Evaluating how well the PSD matches each

of the design criteria previously stated, it is found that it fits quite well. The only hardware

requirement on the NanoWalker is a light source, such as an LED. This can be very small,

on the order of a half millimeter by a half millimeter. The power requirement from the

robot is also minimal. It takes a fraction of a watt to power the LED and it is only turned

on intermittently, when the robot needs to be located, mainly for guidance to or from a

scanning area. The NanoWalker already has an LED mounted to it that is used for commu-

nicating with the main control center. Because this LED cannot be independently con-

trolled, it is not used as the primary LED for positioning. This will be discussed in detail in

Chapter 4.

Today's PSDs have extremely high bandwidth. This makes it feasible to distinguish

between individual robots based on the frequency at which they flash their LEDs. Multiple

light spot tracking using a single PSD has been demonstrated by Qian et al. [2] and by
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Narayanan et. al. [3]. By modulating the light transmitted from each robot at a different

frequency, it is possible to separate the locations of individual light beams based either on

amplitude by taking the Fourier Transform and considering power only at a given fre-

quency, or on phase by considering the phase difference induced by travelling different

lengths in the PSD[3]. Both these methods will be discussed in the results section. For this

section, suffice it to say that each robot can be identified by its frequency signature, and

given the high bandwidth of the PSD, it is feasible to do this for a number of robots.

The computation required by the robot is minimal. Only a command of when to turn

on the LED and when to turn it off and at what frequency, is necessary. The frequency can

be constant, and can serve as an identifier of the robot, so the only information needed is

"LED on" or "LED off." The PSD itself is inherently passive. Unlike radar it does not

transmit and receive, it only receives. There is no chance of disturbing any sample by

something being emitted from the PSD.

Finally, the PSD system has the advantage of being scalable to more than one robot

with no hardware additions. The number of robots that can be detected is limited by the

bandwidth, and saturation power (light from too many robots could cause saturation) of

the system. There must be enough separation in frequency such that one robot can be dis-

tinguished from another. Given the high bandwidth of the PSD (up to 10 MHz, according

to the manufacturer), the number of robots is likely to be limited by the bandwidth of the

electronics.

Because of all the previous reasons, the PSD is an ideal choice for this application. It is

worth mentioning that with the PSD's of only a few years ago, it would have been much

more difficult to accomplish this task. In fact, there would have been no simple way to cre-

ate such a positioning system using any technology. Given the quality of today's PSDs, it

is possible.
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2.2 The Lateral Effect

The lateral photo-effect is the basis of the lateral effect photo-diode. It was first

observed by Schottky in 1930 [4,5] while working with a Cu-Cu20 diode. Schottky found

that the photocurrent from the terminal on the diode decreased exponentially as the light

source moved away from the terminal. He explained this by reasoning that if the fractional

loss of current in every unilluminated strip of oxide was constant, and the oxide has a con-

stant finite resistivity, then the observed exponential variation would follow[6]. It was

twenty seven years later that Wallmark, who is often credited with the invention of the

PSD, used this effect to measure the position of a spot of light [7].

There are several available designs for a PSD, the most common being simply a large

area silicon p-n photo-detector [8]. When light strikes the surface of the detector, a current

is generated which then flows through the bulk resistance of the semiconductor producing

the later field effect. If the resistance of the semiconductor sheet is uniform, the current

through each electrode decreases exponentially as the distance from the centroid of the

light spot increases. Connors [9] has shown that if the resistance of the semiconductor can

be assumed uniform, then the solution for the one dimensional differential equation gov-

erning current out of an electrode is

= I sinh[cA(L - d)] , 2.3
smnh(a)

where i is the current out of a given electrode, I is the total current, L is the distance

between two opposing electrodes, and d is the distance from the centroid of the spot of

light the electrode, and a is the Lucovsky parameter[l0]. Given the recent advances in

semiconductor manufacturing technologies, the linearity of these devices has increased
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minimizing the Lucovsky parameter. As the Lucovksy parameter approaches zero, the

PSD approaches linearity and Equation 2.3 becomes for a one dimensional PSD

i ~ I 1 - .2.4

Using the above equation, we can see that on a two dimensional PSD, the location of a

spot of light is given by

x L X1 +X2

x2 (xi + x2)
2.5

where is Px the x-axis location, and x and x2 are the currents off the +x and -x elec-

trodes, respectively (see diagram below). Similarly, the y-axis position, P , is given by

P = - .22.6
T 2 y - Y2 P

This result for a linear PSD can also be seen directly from the schematic below

X2 X1

Sensitive surface

Figure 2.1: Schematic of currents from two dimensional PSD (Copied from On-Trak
application notes).
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Figure 2.2: Schematic of actual PSD (Copied from On-Trak Application notes).

Incident light
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NLyr .1

Figure 2.3: Depiction of incident light on a PSD (Copied from On-Trak Application
notes).
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Incident Light

Rp-

Y1 Y2

X1- ---------- X2Rp

1p = Photocurrent generated
by incident light

D = ideal diodo, PN junction of
PSD

C = Junction capacitance

Ro= Shunt resistance

Rp = Position resistance

Two- dim. PSD equivalent circuit

Figure 2.4: Circuit model for two dimensional PSD (Copied from On-Trak Application
notes).

2.3 A Brief Survey of PSD Applications and Uses in the Literature.
Although available for many years, recent advances in PSD technology have greatly

increased their applications. PSDs are now used in various forms of noncontact measure-

ments from sensing the surface quality of roads, to guiding welding robots to measuring

surface flatness, and automotive body profiles, to measuring the motion in a golf swing

[PSD school notes] Most applications do not require the resolution demanded here.

Marszalec et al.[11] have reported on using PSDs in a triangulation probe configura-

tion to measure three dimensional surfaces with errors on the order of millimeters.

Marszalec et al. have also reported on a similar triangulation PSD based system for robot

vision to pick up drums of paper with similar accuracies. For most applications, accuracy

on the order of millimeters is sufficient. However, in some applications, such as the one

presented here, higher accuracy is required. Other PSD application demanding high reso-

lution are surface flatness and squareness measurements, such as in machine beds and

machine tools.
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Schaefer et al. [8] have obtained resolutions of up to 0.05 mm with a setup very similar

to the one presented here. PSD's have also been used in optical spectrum analyzers. The

light is passed through a collimator and prism then through a slit onto the PSD surface. By

knowing the position of the slit, and determining the position light incident on the PSD the

wavelength can be determined.

There are many other interesting applications of PSD's. The purpose of this section is

not to provide a comprehensive enumeration of all applications, but rather to give a famil-

iarity with the technology and its uses.
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Chapter 3

Experimental Setup

3.1 Overview of the Setup

First an overall view of the setup is presented, then each of the components. The work

space of the nano-walker is a circle half a meter in diameter. The PSD is mounted inside a

housing one meter away from the working surface. It is at this height because the infrared

communication system needs to be mounted one meter away from the transceivers. If the

PSD were further away it would mean the infrared transmission system would create a

blind spot in the middle of the work space. If the PSD were closer, it would block the path

of the communication system. As it is, the PSD and the communication transceiver are

mounted side by side.

The PSD images the work space through a Nikon lens. Tests were performed with two

lenses, an 85 mm ff1.4 and a 50 mm f/1.8. The output of the PSD is amplified through four

Analog Devices 549 (AD549, Analog Devices, Norwood, Massachusetts) low noise oper-

ational amplifiers configured as transimpedance amplifiers. The transimpedance circuit

feeds into a PCM slot on a computer through a 16-bit data acquisition board. The output of

the X channels, and the Y channels are then added subtracted and divided digitally. To

reduce noise pick up as much as possible, the circuit is powered by batteries and the com-

puter is powered through an isolation transformer. The addition and subtraction are per-

formed digitally to minimize the analog operations, and therefore minimize the

opportunity for noise pickup.

In order to test and calibrate the system, a light source is needed to simulate the

NanoWalker. It is necessary to be able to control the position of this light source such that

the system can be calibrated. A Hewlett-Packard HSDL-4220 infrared (see Appendix B)
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LED is mounted on a two axis precision linear stage setup to simulate the NanoWalker.

This LED is of the same type as the LED used for the infrared communication system.

The motion stages are each fitted with Renishaw (Hoffnan Estates, Illinois) linear opti-

cal encoders with 1 micrometer resolution, and are controlled via Compumotor (Parker

Hannifin, Ukiah, California) stepping motors connected to Compumotor Zeta drives and a

Compumotor 6200 controller. This allows precise positioning of the LED simulating the

NanoWalker in any desired location, and then measuring that location. Hence, a means of

calibrating the position sensor.

The motion stages are bolted onto an optical mounting table. The PSD and data acqui-

sition system are mounted on an L-shape construction of 76 mm (three inch) aluminum

box extrusion with 6.4 mm (0.25 inch) wall thickness. The fixture is welded together and

bolted to the optical table on which the motion stages are fixed. It is positioned such that

the center of the PSD is as close as possible to the center of the two axes. The following

pages present a schematic and a picture of the experimental set up.
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Figure 3.2: Experimental Setup.
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3.2 Selecting the Components

A. Selection of a PSD

Position sensing detectors are manufactured in several sizes by a number of manufac-

turers. Among the most reputable are Hamamatsu, UDT Sensors Inc., and Sitek. There are

other companies that manufacture PSD's on custom order, however these produce and

stock them, and the technology represents a central part of their expertise. Hamamatsu

was ruled out early because they claim linearity of 1% to 2%, which was less than other

manufacturers. UDT, while a strong competitor, did not seem to have the base of expertise

that Sitek had. Thus, aSitek PSD was selected. Sitek Laboratories are the original manu-

facturers of the PSD. Founded in 1976 by Professor J. T. Wallmark, who is often credited

with the discovery of the PSD, as mentioned before, they are reputed to manufacture

PSD's with the highest accuracy and linearity. The decision to purchase a Sitek PSD was

influenced by speaking to others in the field who have used them for other applications

and reported excellent linearity and accuracy.

In order to measure two axis position, a two dimensional PSD was selected. There are

many sizes of PSDs, and not surprisingly the smaller ones exhibit better linearity and

accuracy than the larger ones. However, given our large work area, we could achieve the

maximum resolution over the greatest portion of the work area by selecting a larger PSD.

The PSD is mounted behind a Nikon lens through an extension ring. Since the characteris-

tics of the lens change as the light shines through different parts of the lens (i.e., there is

variation in distortion, etc.) the measurements taken do not actually reflect the PSD's lin-

earity, but rather the overall linearity and accuracy of the system, which is what this study

is interested in determining.
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In order to minimize the noise in the system, the PSD was operated unbiased. While

this decreases the responsivity, it also decreases the noise, and the overall result is a gain in

the signal to noise ratio.

B. Selection of the Optical Components
The working surface on which the NanoWalker is to be positioned is imaged onto the

PSD surface through a lens. The surface on which the NanoWalker is to be positioned is

half a meter in diameter, and the PSD is 20 mm x 20 mm. Hence, the requirements for the

lens were:

1- A minimum focusing distance of less than 1 meter.

2- Focal length such that at 1 meter height it maps the entire half meter working sur-

face onto the PSD.

3- The lens should have as large an aperture as possible in order to let through as much

light as possible and increase the signal to noise ratio.

4-The lens should be as planar as possible, and provide the minimum of distortion

A standard 35 mm photography lens was chosen because the picture frame they are

designed for is closest to the size of the PSD, and they are ready available from high qual-

ity manufacturers with large apertures. The area of a picture frame on 35 mm film that the

lens was designed for use with is 24 mm x 36 mm. The viewing angle of the lens is

quoted for the diagonal, which is 43.26 mm. The PSD is 20 mm on each side. In order to

select a lens that will cover the desired area, it is necessary to calculate what the viewing

angle is for the PSD. Applying basic trigonometry it can be seen that the viewing angle for

the PSD is

0 = 2 tan 1(tan(4 ] , 3.1
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where / is the length of a side of the PSD, r diagonal for which the viewing angle is

quoted, in this case 43.266 mm, a is the manufacturer's quoted viewing angle.

The result is that only the center portion of the lens is used. However, in this case that

is advantageous because the center portion is likely to be the most distortion free.

To cover the half meter work space from a height 1 meter, the PSD should have a

viewing angle E of 28 degrees. This means the lens should have a maufacturer's quoted

viewing angle of 56.8 degrees. There are no commercially available high quality 35 mm

lenses with this viewing angle. The lenses with the closest viewing angles are a 50 mm

lens, and a 35 mm lens with viewing angles of 46 0 and 63 0, respectively. These translate

to PSD viewing angles of 22.6 0 and 31.8 0, respectively. Choosing the 50 mm lens would

mean that the PSD would only image a working space of 400 mm in diameter, hence an

annulus of 50 mm width would not be part of the positioning area. Choosing the 35 mm

lens would mean that the PSD would see a work space of 570 mm in diameter, hence an

annulus of 35 mm in diameter would be wasted space. This wasted space means that the

working space is mapped onto a smaller area of the PSD resulting in a loss of resolution.

Given the emphasis on increasing the resolution of the system, the 50 mm lens was cho-

sen. The outer 50 mm ring can be navigated using dead-reckoning. The accuracy and reso-

lution of positioning in that area is not critical, and the area is small enough such that

errors accumulated from dead-reckoning should be tolerable.

Since the NanoWalker is a relatively small robot, it may not be necessary to have such

a large work space for it. In an attempt to further increase the resolution of the system, an

85 mm lens was also tested. The 85 mm lens has an effective viewing angle for the PSD of

13.4 0, which means a work space of 235 mm in diameter. The 85 mm lens was chosen

because it is the next length up from 50 mm that is available in large apertures (f/I.4).

Nikon lenses were selected because of they are generally accepted as having very high
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quality optics. No tests were made to characterize the lens as part of this thesis. This

would be both time consuming and futile. Given that the lens is of high quality, character-

izing it in detail is not useful. It is the overall function of the system, lens and PSD, that we

are interested in.

By projecting a circular work space onto a square PSD, the corners of the PSD are

avoided. It is the corners were the greatest non-linearity is observed, and by following this

design, that area is avoided at the price of having another area outside the PSD surface.

C. Selection of a Light Source
The NanoWalker has an infrared communications LED mounted on to it. The original

design of the positioning system intended the use of the communication signal from this

LED for positioning. However, this is less than optimal, since this LED cannot be con-

trolled, and cannot be turned on and off as desired. Hence, it would be difficult to distin-

guish between individual robots. Additionally, since it is transmitting at 4 Mb/s, it is

difficult to observe and record digitally. Finally, all NanoWalkers transmit at 4 Mb/s,

which makes it impossible to differentiate between them based on a frequency signature.

In order to make an angle measurement, it is necessary to have a second LED on the robot

(to give two points which can be connected to form a line in the direction of orientation).

Given that a second LED must be mounted in any case, it is desirable to use the second as

the primary location LED, and use the infra-red transmitter as the second LED for measur-

ing angular orientation. This will be discussed in greater detail in Chapter 4.

The maximum sensitivity of the PSD between 870 and 940 nm. In order to achieve the

maximum signal, it is desired to have a light source that emits very close to this value. The

HP HSDL-4220 LED is essentially the same LED as used in the Infrared Data Association

(IrDA) communications system. It uses TS AlGaAs technology to provide high output
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power at a peak wavelength of 875 nm, and has an illumination angle of 30 degrees (see

Appendix B).

In order to increase the robustness of the system, and minimize the effect of ambient

light, a filter was installed. The filter cuts out ultra-violet and visible light, but passes infra-

red wavelengths (cut off wavelength 780, maximum transmission achieved by 820). Hence

the effect of ambient light on the system is greatly reduced.
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Figure 3.3: PSD Responsivity Curve (Copied from On-Trak Application Notes).

D. Selection of Mechanical Positioning Components
The LED is mounted on two linear stages. Daedal 500 mm precision stages were

selected in order to cover the entire working range of the robot. They are driven by step-

ping motors with 25000 steps per revolution. The lead on the ball screw in each table is

5 mm/revolution. This results in a potential positioning resolution of 0.2 micrometer. In

reality it is often difficult to control the motors to make one step. Potential errors in posi-

tioning are resolved by having a 1 micrometer Renishaw encoder mounted on each stage.

This resolution is sufficient for the desired application. While the precision of the stages is
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such that the encoders are seldom needed, The stages are computer controlled, and pro-

grammable so that they can be positioned to a desired location, then have a measurement

taken. Thus we have the ability to position the LED source anywhere in the desired half

meter diameter work space, and measure its location with 1 micrometer resolution.

E. Data Acquisition and Processing
There are four currents generated from light falling on the surface of the PSD. Typi-

cally the resolution of a PSD system is not limited by the PSD itself, but rather by the

optics and the electronics associated with it. Currents output from a PSD are added, sub-

tracted, and divided, as in Equation 2.5, and 2.6, to yield an X-axis and a Y-axis position.

Purchased with the PSD was an electronics box that had inside it electronic circuitry

which performed the subtraction, summation and division, and output an analog X posi-

tion, and Y position. This electronics box was found to be too noisy. The components used

were not of the highest quality, nor were they optimized to achieve the maximum resolu-

tion, or maximum performance. Furthermore, the division was performed in analog

To improve the results as much as possible, an ultra low bias current circuit was built

to amplify the signal from the PSD. The circuit consisted of four transimpedance circuits.

The key element in this circuit is the operational amplifier. An Analog Devices AD549

operational amplifier was selected because it provides an extremely low input bias current,

input offset voltage, and input offset drift. It also has a very high common mode imped-

ance, essentially ensuring the input current is independent of the common-mode voltage.

The input bias current is typically 60 fA. These characteristics make it ideal for the current

application.

The AD549 amplifiers were arranged as shown in the schematic on the following

page.
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Because of the relatively low output currents of the PSD (approximately 10 t A), large

amplification is needed. These circuits were built with a 500,000 times gain.

The voltage output from the circuit was taken directly into an 18 bit (true 16 bit) A/D

converter. The subsequent additions, subtraction, and division were all done digitally.

Sampling was at 50 kHz, and integration time was varied. The maximum theoretical reso-

lution of the system with a true 16 bit A/D converter is 15 micrometer over a half meter

range. This takes into account that fact that the A/D converter is bipolar (converts positive

and negative voltages) while the PSD is inherently unipolar (current will always go into a

terminal, or out of a terminal, but will never switch signs).

While it is possible to add and subtract in analog form with high accuracy, the possibil-

ity for noise pick up very large. It is necessary to convert the signal to digital in any case in

order to use the information from the positioning system to control the nano-walker. Since

a digital conversion is inevitable, performing it early on in this case minimizes noise,

which is the primary limit on the performance of the system. In a system limited by A/D

resolution, analog computation would be advantageous, however in this case it provides

no clear advantage. Once converted to digital, data collection is via a Visual Basic pro-

gram which writes to a Matlab file. Matlab is then use for data manipulation and analysis.

As is the case with many highly accurate systems, the performance of this system is

inherently limited by noise and thermal drift. Much effort has been spent minimizing

noise, and many features of the design are aimed distinctly at that goal. Previous designs

of this system had cables connecting the PSD to an amplification box which then con-

nected to a desktop computer to perform the A/D conversion. The cable connections were

found to pick up too much noise, so they were shielded. While this offered some improve-

ment in the noise pick up, it was still not satisfactory. The amplification circuit described

above was manufactured and mounted directly on to the PSD minimize noise pick up, and
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amplify as close to the PSD as possible, thereby minimizing the noise that gets amplified

maximizing the signal to noise ratio.

One major source of noise was the computer. It is not clear exactly what the source of

noise was, whether it was pick up in the frame of the computer, or noise generated by the

switching in the computer. The motherboard was removed from the computer, and sepa-

rate from all possible noise generation sources. Mounted on a board, and well grounded,

with only a hard drive and a A/D conversion card connected, it was placed immediately

above the PSD in order to perform the digital conversion as close as possible to the signal

source. The final configuration has the amplification circuit connected to the PSD via a

shielded gender changer, and circuit connected to the data acquisition system through very

short shielded wires.

3.3 Procedures
This positioning system is to be used to obtain three types of results.

1- A Position

2- An Orientation

3- A Velocity

All three are measurements of position, they are only processed differently. The sys-

tem is not actually capable of making a direct measurement other than position. However,

with several positions in known time intervals, a velocity can be inferred. Likewise, with

two position measurements representing two points on a given robot, an orientation can be

inferred. There are certain parameters of the system to be determined. Its resolution, its

repeatability, the dependence of resolution on radial location, and the dependence on num-

ber of samples averaged over. To establish the resolution of the system, the motors toggle

back and forth between two points. With each travel, the motors shorten the distance
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between the two points, and taking measurements at each point. This produces a plot of

output versus change in position, in essence a resolution measurement. Repeated over the

surface of the PSD this gives an indication of the resolution as a function of location on the

surface. When the change in output falls to the noise level, that is the limit on resolution.

Because of the noise generated by the motors, the are turned off when data is being taken.

As a result, the motors move to the nearest pole, and therefore cause a positioning error of

at most 12.5 micrometers. Over large distances, this error is no significant. To test the res-

olution of the system, the motor is stepped manually from one pole to the next. There are

200 poles in the motor, so a motion from one pole to the other corresponds to 25 microme-

ters in stage translation. The output for the 25 micrometer translation is then compared

with the output for different displacements to determine linearity, and it is compared with

the minimum detectable output change to determine resolution. Tests were performed with

a DC current of 95 mA through the LED. This is the limit of DC current that can be put

through the LED.
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Chapter 4

Results

4.1 Positioning Results
The Sitek PSD was found to be extremely linear. There was no deviation from linear-

ity detected except on the very edges of the work space. With the 50 mm lens, position res-

olutions of 10 micrometer, and 15 micrometer with 95%, and 99.7% certainty,

respectively. For the 85 mm lens, resolutions of 5 micrometer, and 7.5micrometer were

calculated with 95%, and 99.7% certainty, respectively. With the current setup, it is not

possible to directly measure these results. These results were obtained, as discussed in the

procedures section, by manually moving the stepper motor from one pole to the next, an

increment of 25 micrometers, measuring the response and dividing by 3.92y and 6c to

obtain the resolution 95% and 99.7% certainty, respectively. The output of the PSD was

linear with displacement to within the noise of the system, i.e. the output for 2 mm travel,

is twice that for 1 mm travel, which is 40 times that for 25 micrometer travel. With the true

16 bit AID card operating in bipolar mode the maximum measured resolution should be

7.2 micrometer. Hence, it seems the system is reaching the limits of the AID card. Still,

because of the noise levels, a very large number of samples was taken to obtain this result

(40,000).

With a higher resolution A/D, which is also slower, this sampling would be prohibi-

tively long. As a result, it is recommended that the noise and thermal drift be reduced

before a higher resolution data acquisition system is used. Lower noise levels will allow

fewer samples with the higher resolution data acquisition card, making it more practical.

The resolution of the system is limited by noise, however, the noise is by and large

gaussian white noise. This was verified for low frequencies by measuring the noise spec-
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trum on a Hewlett -Packard Dynamic Signal Analyzer Model No. 3562A. It is further evi-

denced by the improvements in repeatability with increasing sample size. Since the

Dynamic Signal Analyzer is only capable of making measurements up to 40 kHz, the out-

put of the system was also connected to an oscilloscope to verify that the noise is in fact

Gaussian at high frequencies. While the motors are off, this is true. As a result, the signal

to noise ratio can be improved by increasing the number of samples taken for each posi-

tion measurement, i.e., increasing the integration time. Plots of resolution versus number

of samples, and resolution versus integration time are provided below. The integration

time limits the maximum sampling frequency of the system. There error expected based

on the number of samples taken is given by

error = Z-, 4.1

where Z is determined by looking up in a table of areas under a standard normal curve

depending on the degree of confidence desired, Y is the standard deviation of samples

taken, and n is the number of samples taken. For 99% confidence intervals, Z = 2.575, and

for 95% confidence intervals, Z = 1.96 [12]. The plots on the following pages are shown

for real sampling frequency, which is the frequency at which a position data point is given,

after the integration, not the frequency at which the A/D board samples.
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Noise vs. Sampling Frequency Best Fit line: Y=3.50 + 8.22e-5X
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Figure 4.1: Position Standard Deviation as a Function of Real Sampling Frequency.
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Resolution (95% certainty) vs. Sampling Frequency, Best Fit Line: Y=13.70 + 3.22e-4X
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Figure 4.2: Resolution as a function of Real Sampling Frequency.
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Resolution (95% certainty) vs. Integration Time, Best Fit line: Y= 13.70 + 16.1 1X
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Figure 4.3: Resolution as a function of Integration Time.
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In order to optimize the system, its is necessary to vary in the integration times. For a

robot which is moving rapidly, maximum resolution is not of primary importance, nor is it

achievable. If long integration times needed for high resolution are used, the samples will

not match because the robot will have moved during sampling. Shorter integration times

necessary for a fast robot inherently give less resolution. However, a rapidly traversing

robot needs only coarse guidance, it is only when the robot is near its final location that

high resolution is required. At this point, the robot has practically no velocity, and is only

creeping. Hence, long integration times can be used to improve the resolution of the sys-

tem when it is needed. At its maximum speed of 200 mm/s, and a sampling time of 100

ms, the NanoWalker would have traversed 20 mm in a single sample, completely defeating

the purpose of obtaining a large number of samples.

The resolution of the system could potentially be increased by using a higher resolu-

tion A/D. This will not guarantee better resolution, as there are other limits, such as the

sharpness of the lens, and the inherent limits on the PSD itself. The manufacturer claims a

dynamic range of a million to one for the PSD, but states that this is almost never achieved

because of limitations of the optics and electronics. A dynamic range of a million to one

would yield resolution of 0.5 micrometer over a half meter space. A more realistic

dynamic range of 100,000 would yield a resolution of five micrometers. Schaefer et al.[8]

have demonstrated a position resolution of 1 mm over a working area of 1.22 meters in the

central region of the detector.

Resolution is maximum at the center of the detector because at the center there is the

maximum signal to noise ratio, the most light is being picked up from the LED, addition-

ally, there is a minimum of distortion due to nonlinearity. The optical lens also produces

its best images in the center, where distortion is a minimum. Given the quality of the lens
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used for this application, distortion should be a minimum. All these factors combine to

give the best possible results at the center of the PSD.

4.2 Angular Results

A PSD can only make one kind of measurement, that is a position measurement. In

other words, the only information that can be obtained from a PSD is the location of

weighted center (the center of mass) of a spot of light on its surface. This inherently means

that it cannot provide an angular measurement by virtue of any sort of asymmetry in the

LED's lighting pattern, or anything of the sort, the PSD will simply output the position of

the centroid of the light spot. There is no way to determine from this one measurement the

orientation. Furthermore, if the LED is not symmetric, then the position measurements

will have a systematic error that results from the center of the LED not being in line with

the center of the spot of light produced by the LED. Yet, as mentioned before, in order to

plot a trajectory for the robot, it is necessary to know its orientation. The only information

given by an LED mounted on the robot is the location of a single point on the robot. How-

ever, if the locations of two separate points on the robot are known, then it is possible to

determine the orientation of the robot by connecting the points. For this reason, it was cho-

sen to mount two separate LEDs on the robot. By knowing the location of each LED it is

possible to determining the orientation of the robot by simply drawing a line that connects

them. It is not sufficient though to know the location of the two LEDs mounted on the

robot, it is necessary to know their identity. In other words, a line drawn through the robot

places the robot on a given line, but does not indicate which way it is facing on that line. It

would be akin to having a compass needle with no arrow on it. You could be oriented on a

line running from the North to the South pole, but have no way of telling if you are facing

North of South (without external data from the Sun for example). In order to distinguish
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the direction the NanoWalker is facing, the LED's must be labelled, for example, "head"

and "tail." Thus, the line from tail to head to always orient the NanoWalker.

Taking a line passing through the NanoWalker, from simple trigonometry the angle, 0,

enclosed between this line and the horizontal axis has a sin and cos of

sin E= 1 dY2, 4.2
d

cos E= X1  2 4.3
d

where x1 , x 2 , and y1, y2 , are the horizontal axis locations, and the vertical axis loca-

tions, respectively. d is the distance between the two LEDs. It can be seen that as d

increases, the error in the angle measurement decreases, but the resolution in angle mea-

surement decreases by the same amount. For a d = 10 mm, angular resolutions on the

order of 0.15 degrees are obtainable. The error is found by taking the cosine of possible

error in position measurement divided by d, where the error in position measurement is

found as described in the previous section.

4.3 Determining a Velocity
A velocity is obtained simply by dividing the distance the NanoWalker covers by the

time in between measurements. Given the high accuracy with which time intervals can be

recorded, the error in velocity measurement is likely to be due only to errors in position

measurement. At its maximum velocity (200 mm/s) the accuracy of a velocity measure-

ment taken once every second would be accurate to 0.1 mm/s. This result is obtained

based on averaging over 10 samples for each position measurement, the error in position,

with 99% certainty, will be less than 25 micrometer. In the time taken for 10 samples, the

NanoWalker will have traversed 40 micrometer. Taking a worst case approximation, add-

ing these two, the error is 65 micrometer in each position measurement, or, 130 microme-
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ter for both. Since the measurements are 1 second apart, then the error in velocity is 0.13

mm/s. In a similar manner, the error can be determined for any velocity, by selecting the

number of samples over which the position is to be averaged, calculating the error in posi-

tion measurement, then dividing the error by the time interval.

The velocity measurement is simpler than the angle measurement. Knowing the loca-

tion at time t = 0, and at time t = t, the velocity can be found simply as follows

2 2
(X2 -X 1) + (y2 -y 1 ) (4.4)

At

This has the disadvantage that it does not provide a direction to the velocity. A robot trav-

elling from x1 yI to x2, y2 , is indistinguishable from a robot travelling from x2, Y2 to

x1 , y1 . It is possible to distinguish between them, without resorting to the orientation, by

resolving the velocity into its two components

vx = (4.5)

v = . (4.6)
Y' At

4.4 Positioning Multiple NanoWalkers
As mentioned before, there is a need to position several NanoWalkers on the working sur-

face. A number of authors have reported on the positioning of multiple light spots on a

PSD [2,3]. There are generally two methods for accomplishing this. The first and simplest

method, is by sequentially turning on and off the light sources aboard the NanoWalkers..

There are some advantages, but its disadvantages ultimately suggest the use of another
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method. The second method is by modulating the light source from each NanoWalker at a

different frequency, then demodulating the signal from the PSD to obtain the position of

an individual light spot.

Sequentially switching the NanoWalkers on and off can be computational simple (e.g.

switch on once every second), however, it does not allow more than one NanoWalker to be

positioned at a given time. If long integration times are used to increase the accuracy of the

positioning, it may mean several seconds between two position measurements on a single

robot. Trying to optimize the system such that fast moving robots not needing high accu-

racy positioning are positioning more frequently, with less accuracy, while slower robots

needing high accuracy positioning are positioned less frequently, but with greater accuracy

complicates the system and still does not solve the problem. This problem only becomes

greater as more NanoWalkers are added to the system. Furthermore, the switching causes

transients in the system which necessitates a reduction in power to avoid saturating the

detector. The reduction in power in turn leads to a loss in measurement accuracy. Increas-

ing the time between measurements to allow transients to die out makes the system even

slower. For these reasons, a method that allows simultaneous positioning of the NanoW-

alkers is desirable.

Qian et. al [2], as well as Narayanan et. al [3] have reported on using different meth-

ods to allow the simultaneous positioning of multiple light spots. Borrowing technology

from the communications industry Qian et. al have used a modulation method to allow

multiple light spot detection. With each light spot being modulated at a different fre-

quency, the output of the PSD is a superposition of the signal from each light source.

Demodulating the output provides the individual positions of each light source.

With the NanoWalkers, different robots require different positioning accuracies at dif-

ferent times. Hence, different integration times. Using this method, each robot can have its
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desired integration time without affecting the others. This is accomplished by running the

data acquisition system at its maximum sampling speed. For robots requiring maximum

speed sampling, the position from that sample is then fed into the control system immedi-

atly. For robots requiring slower sampling but higher accuracy, their position is held, and

averaged with a number of subsequent measurements, then the average is passed to the

control system. While this technique offers high linearity, and high resolution, it requires

complex signal processing circuits. It also requires complex modulation circuits to syn-

chronize the modulations and demodulations.

The number of NanoWalkers that can be detected by this method is limited by the

bandwidth of the system. In the past the PSD was the limit on the bandwidth. Given

today's PSDs, the bandwidth of the system is likely to be limited by the circuitry. The data

acquisition board used for A/D conversion operates at 50 kHz, hence the fastest modula-

tion frequency should be no more than 25 kHz, and preferably closer to 15 kHz. It is not

unreasonable to expect to be able to position 15 NanoWalkers [2].

In order to avoid saturating the detector, the maximum power from each beam, Pmax

must not exceed Psat/N, where Psat is the saturation power and N is the number of robots

being detected. For the LED used in the experiments presented here, this limit is higher

than the bandwidth limit, and hence is not of concern. Care should be taken, however, in

the future when increasing the number of NanoWalkers, as improved circuitry increases

the bandwidth. Also, should the LEDs used here be replaced with stronger LEDs, this may

become a concern. It would necessitate the power out of each LED be regulated.

Narayanan et. al have reported on the position detection of multiple light spots using a

phase method [3]. When a sinusoidal light excitation strikes a PSD surface, the output will

also be sinusoidal and with the same frequency, but with amplitude and phase varying with

the position of the light beam on the PSD surface [3]. Currents travelling different lengths

48



in the PSD experience different time delays, and thus there is a position dependent phase

difference between the outputs. Detection of this phase difference allows the position to be

inferred. Using this method, the output is not dependant on the intensity, hence there is no

need to normalize by dividing by the sum of currents. The circuits used for phase detection

are simple and inexpensive, simplifying the signal processing needed. Taking the output of

the PSD and applying phase detection (frequency division multiplexing) the position of

several light spots can be found independent of each other. The limits to the number of

robots that can be detected still apply.
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Chapter 5

Conclusions and Recommendations

5.1 Limitations of the System and Suggestions

The system is mainly limited by the noise levels and thermal drift. Any attempt to

improve the system performance would have to focus on increasing the signal to noise

ratio, and decreasing the thermal drift. The performance of the system could also be

increased by reducing the work area. A number of suggestions are made to improve the

performance, they are listed below then each is discussed in detail.

1- Increasing output from the LED

2- Increasing view factor into lens

3- Decreasing the possibility for noise pickup

4- Decreasing the operating area.

Increasing the output from the LED comes at the cost of more power consumption. By

modulating the LED, the currents passed through it can be increased, and hence the output

power increased, but run for shorter periods of time. The trade off must be made between

keeping the LED on for longer periods of time to allow long integration times, and flash-

ing it brighter for shorter periods of time. Switching to a higher power LED would allow it

to be on for longer periods of time with high current, but this increases the

Increasing the view factor into the lens would mean that the lens gathers more of the

light emitted by the LED. This can be done by bringing the lens closer to the LED. This

would also shrink the positioning system. However, bringing the infrared transmission

system closer to the working area will reduce its effective range. A concave lens mounted

on the transmitter would solve this problem by increasing the viewing angle. A similar
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lens should be mounted on the robot. Short of this, a new communication LED should be

used. The underlying circuitry need not change, only the plastic package around the LED.

Halving the distance between the working surface and the lens would quadruple the light

into the lens, thus requiring less amplification, and therefore less noise at the output of the

amplifiers.

Although the PSD was run in unbias mode, it maybe beneficial to experiment with

biasing the PSD only slightly. Applying a bias increases the sensitivity, but also increases

the noise. A bias on the order of 15 V, as suggested by the manufacturer, results in too

much noise for this application [See Appendix A].

The whole data acquisition system could be wrapped in shielding, thereby creating a

Faraday cage, and decreasing the chance for noise pick up. It is unclear whether or not this

will provide a real benefit.

Finally, decreasing the operating area would mean that a smaller area can be projected

onto the PSD surface, therefore, reducing the magnification of the optics, and so taking

better advantage of the resolution at the surface of the PSD. A 50 mm lens held at 0.5

meter above the working surface would result in a working surface of 200 mm in diameter,

roughly the size of the working surface for the 85 mm lens used here, but with 4 times the

amount of incoming light as the 50 mm used in this set up. A 35 mm lens at 0.25 meter

above the working surface would result in a 140 mm diameter working surface, and would

have 16 times the light input. Using Equation 3.1, and a manufacturer's quoted viewing

angle of 840, a 24 mm lens at 0.25 m height would have a working space of 500 mm, but

16 times the light into it of the current set up. It is not recommended to use lenses shorter

than 24 mm, as distortion becomes a problem in even the best of lenses. Perhaps the best

means of increasing the performance of the system is a combination of reducing the size,

as well as reducing the work space. It should be noted that when bringing the lens closer to
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the LED than the minimum lens focusing distance, it becomes necessary to change the

distance between the lens and the PSD. In other words, it is no longer possible to focus the

LED on the PSD while holding the PSD where photographic film would be held behind

the lens. Using the lens maker's equation, the distance from the lens to the PSD can be

determined by knowing the focal length of the lens, and the distance from the lens to the

LED. The lens maker's equation is

- + 1 5.1
1' v '

where g is the distance from the lens to the LED, v is the distance from the PSD to the

lens, andf is the focal length of the lens.

Because the PSD provides the center of gravity of an incident light spot, whether the

light spot is exactly in focus or not is not critical. However, a tightly focused light spot

should provide better resolution. Further, a tightly focused light spot can be positioned

closer to the edge of the PSD with less loss in lineatiry, and the spot will not truncate until

it is off the PSD. This minimizes the chance of errors becuse of a spot that is patially in a

non-linear area, or that is partially off the PSD.

5.2 Conclusions
A positioning system for the NanoWalker has been presented and tested. The system is

highly repeatable and capable of position resolutions on the order of 10 micrometers or

better. The main limits on the performance of the system are noise and thermal drift. The

thermal drift is almost entirely due to the drift in the electronics rather than the mechanics.

This is evidenced by the short times over which the system can drift (a few minutes), if the

electronics are not well insulated. Insulting the electronics greatly increases stability, and

the data taken here were with some insulation on the electronics. The system is capable of
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providing an angular measurement, and a velocity measurement both based on position

measurements. Further improvements can be achieved by reducing the size of the system

and reducing the area over which the NanoWalker is to be positioned. WIth this scaling,

and careful elimination of noise, it may very well be possible to achieve resolutions of one

micrometer.
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AppendixA High Linearity
Position Sensing Detector

2L2SP -
two dimensional PSD

The SiTek 2L2SP PSD functions accor-
ding to the Lateral Effect-Photodiode prin-
ciple. It is an analogue device and therefore
displays excellent position resolution. The
resolution is determined by the system sig-
nal-to noise ratio.

The 2L2SP is operated in the biased
mode.

Typical applications include: distance and
height measurement, alignment, position
and motion measurements and vibration
studies.

Special UV- or YAG-enhanced and
Nuclear versions are available.

Parameter Symbol

Active area

Position non-linearity*

Detector resistance

Dark current

Noise current

Responsivity

Capacitance

Rise time (10-90%)

Reverse voltage (bias)

Thermal drift

Maximum ratings
Reverse voltage

Operating temperature

Storage temperature

VR-max

Toper

Tstg

Test conditions:

Package:

Room temperature 23*C. Reverse voltage 15 V. Light-source wavelength 940 nm.

Position non-linearity and thermal drift are valid within 80% of the detector length.

4-pin ceramic package, 15,2 mm diameter, with protective window.
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AKA

4.,S7 0.,1 5 8 L z. .. 0,2 m m

2L2SP
Pin configuration: 1 Output X1 Note: Outputs Y1, Y2 and X1, X2 are respectively

2 Output Y1 interchangeable. The anodes Y1, Y2 must
3 Output X2 be at negative potential compared
4 Output Y2 to the cathodes Xl, X2.

Application information:
The inherent resolution of a PSD is very good. It is proven to be better than one part in one million. The per-

formance of a PSD based measurement system is thus limited by its mechanical, optical and electrical components.

To get the best performance you have to consider:
- Modulated light source. Modulation makes it possible to avoid influence of other light sources.

" Stable temperature.
- Mechanical stable system.
" High optical resolution.
- High resolution in division of the sum- and difference signals.

Resolution, optical sensitivity and measurement speed are related to each other in the PSD measurement

system and you have to make the proper choices and tradeoffs for your system. Further information as schematics

of a recommended hook-up is obtainable from your local distributor or from SiTek Electro Optics AB.

SiTek PSD Position Measurement electronic boards:
For most position measurement applications the SiTek PM-kit offers a complete and easy-to use solution. It is

a series of general purpose, high performance, low-noise electronic boards designed for SiTek PSD. You can

easily build your own measurement system using our PM-kit. Further information is obtainable from your local

distributor or from SiTek Electro Optics AB.

Information in this data sheet is believed to be reliable. However, no$fponsibility is assumed for possible inaccuracies or omissions.
Specifications are subjected to change without notice.
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Appendix B

High-Performance T-13/4 (5 mm)
TS AIGaAs Infrared (875 nm)
Lamp

Technical Data

Agilent Technologies
Innovating the HP Way

HSDL-4200 Series
HSDL-4220 300
HSDL-4230 170

Features
e Very High Power TS AlGaAs

Technology
- 875 nm Wavelength

- T-13/4 Package

* Low Cost

- Very High Intensity:
HSDL-4220 - 38 mW/sr
HSDL-4230 - 75 mW/sr

- Choice of Viewing Angle:
HSDL-4220 - 300
HSDL-4230 - 170

" Low Forward Voltage for
Series Operation

- High Speed: 40 ns Rise Times

Package Dimensions

- Copper Leadframe for
Improved Thermal and
Optical Characteristics

Applications
- IR Audio

- IR Telephones

" High Speed IR
Communications
IR LANs
IR Modems
IR Dongles

" Industrial IR Equipment

" IR Portable Instruments

5.00± 0.20
(0.197t ±0.008)

1.14t 0.20
8.70 *0.20 (0.045 t 0.008)

(0.343 * 0.008)

~MAX-

0.70 MAX.
(0.028)

- - -CATHODE31 MIN.
(1.23)

1.27 NOM.
(0.050) NM

0 0.50* 0.10 SQUARE
(0.020:t 0.004)7

- Interfaces with Crystal
Semiconductor CS8130
Infrared Transceiver

Description
The HSDL-4200 series of emitters
are the first in a sequence of
emitters that are aimed at high
power, low forward voltage, and
high speed. These emitters utilize
the Transparent Substrate, double
heterojunction, Aluminum Gal-
lium Arsenide (TS AlGaAs) LED
technology. These devices are
optimized for speed and efficiency
at emission wavelengths of 875
nm. This material produces high
radiant efficiency over a wide
range of currents up to 500 mA
peak current. The HSDL-4200
series of emitters are available in
a choice of viewing angles, the
HSDL-4230 at 170 and the
HSDL-4220 at 30. Both lamps
are packaged in clear T-13/4
(5 mm) packages.
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The package design of these
emitters is optimized for efficient
power dissipation. Copper
leadframes are used to obtain
better thermal performance than
the traditional steel leadframes.

The wide angle emitter, HSDL-
4220, is compatible with the IrDA
SIR standard and can be used
with the HSDL-1000 integrated
SIR transceiver.

Absolute Maximum Ratings

Parameter Symbol Min. Max. Unit Reference

Peak Forward Current IFPK 500 mA [21, Fig. 2b
Duty Factor = 20%

Pulse Width = 100 gs

Average Forward Current IFAVG 100 mA [2]

DC Forward Current IMC 100 mA [1], Fig. 2a

Power Dissipation PDIss 260 mW

Reverse Voltage (IR = 100 pA) VR 5 V

Transient Forward Current (10 ps Pulse) IrrR 1.0 A [31

Operating Temperature To 0 70 C

Storage Temperature Ts -20 85 _C

LED Junction Temperature Tj 110 C

Lead Soldering Temperature 260 for 0C
[1.6 mm (0.063 in.) from body] 5 seconds

Notes:
1. Derate linearly as shown in Figure 4.
2. Any pulsed operation cannot exceed the Absolute Max Peak Forward Current as specified in Figure 5.
3. The transient peak current is the maximum non-recurring peak current the device can withstand without damaging the LED die and
the wire bonds.

Electrical Characteristics at 250 C

Parameter Symbol Min. Typ. Max. Unit Condition Reference

Forward Voltage VF 1.30 1.50 1.70 V IFDC = 50 mA Fig. 2a
2.15 IFPK 2 5 0 mA Fig. 2b

Forward Voltage AV/AT -2.1 mV/0 C IFC = 50 mA Fig. 2c
Temperature Coefficient -2.1 IFc = 100 mA

Series Resistance Rs 2.8 ohms IFc 100 mA

Diode Capacitance Co 40 pF 0 V, 1 MHz

Reverse Voltage VR 2 20 V IR = 100 pA
Thermal Resistance, RO. 110 OC/W
Junction to Pin
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Optical Characteristics at 250 C

Parameter Symbol Min. Typ. Max. Unit Condition Reference

Radiant Optical Power
HSDL-4220 Po 19 mW IFDC =50 mA

38 IFDC= 100 mA

HSDL-4230 Po 16 mW IFDC 50 mA
32 IFDC =100 mA

Radiant On-Axis Intensity
HSDL-4220 IE 22 38 60 mW/sr IFDC = 50 mA Fig. 3a

76 IFDC 100 mA
190 IFPK 250 mA Fig. 3b

HSDL-4230 IE 39 75 131 mW/sr IFDC = 50 mA Fig. 3a
150 IFDC = 100 mA
375 IFPK 2 5 0 mA Fig. 3b

Radiant On-Axis Intensity AIE/AT -0.35 %/0 C IFDC = 50 mA
Temperature Coefficient -0.35 IFDC = 100 mA
Viewing Angle

HSDL-4220 201/2 30 deg IFDC = 50 mA Fig. 6

HSDL-4230 201/ 17 deg IFDc = 50 mA Fig. 7

Peak Wavelength XPK 860 875 895 nm IFDC = 50 mA Fig. 1

Peak Wavelength AVAT 0.25 nm/0 C IFDC = 50 mA
Temperature Coefficient

Spectral Width-at FWHM AX 37 nm IFDC = 50 mA Fig. 1

Optical Rise and Fall tr/tf 40 ns IFDC = 50 mA
Times, 10%-90% 1 _1

Bandwidth fe 9 MHz IF = 50 mA Fig. 8
± 10 mA

Ordering Information
Part Number Lead Form Shipping Option

HSDL-4220 Straight Bulk

HSDL-4230 Straight Bulk
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