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ABSTRACT 
 

The Bifocal Relay Mirror spacecraft attitude control simulator is under 

development in the Spacecraft Research & Design Center of the Naval 

Postgraduate School. The objective of this testbed is to provide on-the-ground 

simulation of the dynamics and control of spacecraft for high precision 

Acquisition, Tracking and Pointing applications associated with space based 

laser relay. The required initial attitude determination accuracy for the Bifocal 

Relay Mirror test-bed is 10 µ-radians. Normally, in laboratories where very high 

initial attitude knowledge is required, actual (space qualified) star trackers are 

incorporated into the testbed design. This is not possible at NPS as the 

laboratory does not have a skylight to allow visual access to the stars, and the 

photosensitive nature of many of the experiments would make such an opening 

inconvenient. Since it is critical to the operation of the testbed to provide accurate 

attitude knowledge, a substitute system was required.  

The present thesis documents the development of a new attitude sensor 

capable of providing attitude information within the required 10µ-radians (within a 

field of view of the order of 1 deg). The concepts leading up to the final design, 

the testing and selection of the equipment used in the final configuration, and a 

detailed explanation of how the final system calibration was performed are 

discussed in detail. 
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I. INTRODUCTION 

The Optical Relay Spacecraft Laboratory is a joint venture between the 

Naval Postgraduate School and the Air Force Research Laboratory. The project 

involves a multitude of Master’s students, Doctoral students and post-Docs 

working alongside Distinguished Professors and leading industry experts to solve 

the complex problems of Acquisition, Tracking and Pointing (ATP) technologies 

for the Bifocal Relay Mirror spacecraft (BRMS). The BRMS consists of two 

optically coupled telescopes used to re-direct the laser light form a ground-

based, aircraft-based or spacecraft-based laser to distant points on the earth, or 

to another spacecraft. The restrictions on pointing accuracy and jitter control for 

the optical payload are very tight. 

 
Figure 1.   Artist rendition of the NPS Next Generation Testbed 
 

To develop and demonstrate ATP technologies for the Bifocal Relay Mirror 

Spacecraft a new testbed is under development in the Naval Postgraduate 

School (NPS) laboratory (see Figure 1). This testbed consists of four main decks 
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mounted on a hemispherical air-bearing. The upper optical deck is capable of 

independent rotation, enabling independent tracking for the receive and transmit 

telescopes. This platform springs from the work of numerous students and 

instructors and will provide research opportunities for many more [1-7]. The 

testbed is being developed (where possible) with space-qualified components; 

however because it is a testbed, not every subsystem can be replicated using the 

exact hardware found on orbit: the attitude sensor is example. 

In many laboratories where very high initial attitude knowledge is required, 

actual (space qualified) star trackers are incorporated into the testbed design. 

This is not feasible at NPS however; as the laboratory does not have a skylight to 

allow visual access to the stars, and the photosensitive nature of many of the 

experiments would make such an opening inconvenient. Additionally, the 

expense associated with a space qualified star-tracker was prohibitive. Since it is 

critical to the operation of the testbed to provide accurate attitude knowledge 

(accurate to with in 10 µ-radians); a substitute system must be implemented. The 

objective of this research work was to develop an affordable model for a star 

tracker capable of providing very fine initial attitude knowledge. 

The thesis will consist of the following areas: 

1. Sensor Design 
2. Determination of Component Performance 

a. Position Sensing Device Performance 
b. Laser Performance 
c. Testing of System Performance 

3. Sensor Configuration 
4. Sensor Kinematic Equation Development 
5. Sensor Integration and Testing 
6. Sensor Calibration 
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II. ATTITUDE SENSOR 

Two types of attitude sensors were evaluated: a digital video camera and 

a laser/sensor combination. 

 

A. METHOD 1 – DIGITAL VIDEO CAMERA 
Initially; consideration was given to constructing a model star 

tracker using a digital video camera to mimic the lens structure, and 

a charge coupled device (CCD) sensor. In principle, by placing 

LEDs on the ceiling and using the camera to distinguish position 

relative to a known constellation, attitude could be established along 

all 3 axes.  

Analysis of the situational geometry [taking into account the 

requirement for 10 µradian pointing knowledge (Θ), and allowing for a 2 meter 

distance to target] gives: 

5 5sin( ) sin(10 )*2 2*10
2
x m x m
m

θ − −= ⇒ = =  

where x is the separation distance (that must be resolved by the system camera).  

Resolution is a function of distance, lens size and pixel size. Allowing for a 

high-end commercial pitch (where pixel size ≈ 10 micron) the lens focal length1: 

5 5* / 10 *2 / 2*10 1fl pixelsize dist separation m m m m− −= = =  

The cost and weight of a one meter optic makes this method untenable. 

 

B.   METHOD 2 – LASER/PSD 
In many other applications within the Spacecraft Research and Design 

Center(SRDC) position sensing detectors (PSDs) have been used to determine 

laser beam position with extreme accuracy. [PSDs consist of a supporting 

                                            
1 Remote Sensing from Air and Space, p. 86. 
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substrate under a photovoltaic material which produces a voltage proportional to 

distance from center.] By using lasers sources as “stars” placed in known (fixed) 

locations, and mounting the PSDs on the testbed to sense where the “starlight” 

impacted the testbed, vectors to a known (inertial) reference system can be 

determined. The purpose of the following work is to determine whether it is 

possible to achieve initial position knowledge accurate to within 10µ-radians 

using this equipment. 

 

1. Basic Geometry/Equipment Requirements  
From above [taking into account the requirement for 10 µrad pointing 

knowledge (Θ), and allowing for a 2 meter distance to target]: 

5 5sin( ) sin(10 )*2 2*10
2
x m x m
m

θ − −= ⇒ = =  

where x is the separation distance (the absolute minimum discrimination 

the PSD must be capable of).   

In order to conform to current lab equipment, position sensing modules 

(PSMs) produced by ON-TRAK Photonics, Inc. were evaluated for criterion 

compatibility (See Appendix A – PSM DATASHEETS). These devices consist of 

a silicone photovoltaic PSD encased in a protective aluminum case. The 

combination of PSD, the plug-and-play connection and the protective aluminum 

case is called a Position Sensing Module (PSM). The PSM is designed to work 

(plug-and-play) with ON-TRAK’s amplification system to provide an analog 

voltage output directionally proportional to distance from sensor center-point. To 

increase the range of motion sensitivity (field of view) for the testbed PSMs with 

20mmx20mm sensors were chosen. These duolateral (two axes) silicon sensors 

provide position information in both x and y direction with respect to the sensor 

center. The ON-TRAK OT301 amplifier was also selected (for conformity with 

current lab equipment and familiarity of use) See  

APPENDIX B – OT301 AMPLIFIER DATASHEETS for details. For analog 

to digital conversion and digital processing, the Keithley Instruments, Inc KPCI-
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1802HC PCI bus data acquisition board was selected. This 12 bit card allows 212 

or 4,096 quantization levels2. For a 20mm sensor this means the PSM should be 

capable of  discriminating  4.883*10-6  meters,  more  than  sensitive  enough  

given  the geometry requirement above. In order to prove the capabilities of the 

PSMs, and to determine what kind of laser would best suit the needs of the 

system, a series of testing was implemented. 

                                            
2 Keithley User’s Manual, p. A-7. 
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III. INITIAL TESTING  

Since the initial position is to be determined using laser impingement on a 

fine mesh PSD, it is critical to determine the performance capabilities of both the 

lasers and the PSDs.  

 

A. PHASE I – TESTING LASER PERFORMANCE 
Previous experiences from within the SRDC indicate that different types of 

lasers (HeNe, diode, argon, etc) have different performance capabilities. Further, 

it has been demonstrated that the performances of these lasers can vary over 

time (i.e. over several hours of continuous use, some laser’s performance seems 

to improve, and some to degrade – allowing the beam to wander or bloom). In 

order to baseline the laser performance, and determine the optimal (most 

suitable for this application) style and time frame for each laser, the experimental 

set-up shown in Figure 2.   was designed and implemented. 

 

 

 

 

 

Figure 2.   Laser test setup 
 
The setup consists of a single mirror reflecting to a beam splitter then to 

two PSMs. Two PSMs were used to remove the possibility of attributing a sensor 

flaw to laser performance. The use of a mirror to return the beam to its 

approximate starting position minimizes the effects of air distortion (refraction) on 

the beam; thereby increasing the sensitivity of the measurements. The entire 

experimental setup was mounted on a Newport air table to minimize 

environmental vibration interference. 

Laser performance test set-up

(top view)

2 meters

Laser performance test set-up

(top view)

2 meters2 meters
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The following three types of laser sources were chosen for consideration 

in the final design:  

• a Helium-Neon (HeNe) laser 

o model:  NovetteTM 1507-0 series self contained HeNe laser 

o manufactured by: JDS Uniphase Corporation 

• a polarized HeNe laser 

o model:  31-2025-000 632.8 nm Red Cylindrical HeNe Laser 

o manufactured by: Coherent Technologies Inc. 

• a small diode laser  

o model:  UL12-1G-635 UL-series enclosed module diode 

laser 

o manufactured by: World Star Technology Inc. 

See Appendices C-E for details/datasheets. 

 

1.  Determining Laser Behavior  
The lasers were mounted one-by-one into the setup as depicted above, 

and then put through a series of tests in order to determine what the best 

(defined as most stable) performance capability was, and how long it took for the 

laser to reach a stable condition. The tests varied in length (from a few seconds 

up to 12 hours) and in sampling frequency [from ½ Hz up to 4999 Hz (the limit of 

the analog to digital converter capability)]. After reviewing the results from the 

initial runs, it was decided that ½ Hz sampling over several hours would provide 

adequate information to determine steady state operation.  
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a. HeNe Results 

Figure 3.   HeNe laser performance – ½ Hz sampling for 8 hours 
Graphic explanation of Figure 3.  : 

• PSM1 X (yellow) – the horizontal component of PSM1 

• PSM1Y (purple) – the vertical component of PSM1 

• Control (blue) – a constant DC input  

• PSM2 Y (red) – the vertical component of PSM2 

• PSM2 X (green) – the horizontal component of PSM2 

 A reference constant voltage signal was used to check the level of 

system noise. This input (a stable DC voltage sent directly into the analog to 

digital signal converter) was also plotted on the graph. Note that while some 

noise is present in the system, it remains smaller than the data acquisition 

quantization (which is 1.165*10^-12 radians or 1.2 picoradians). The result 

(depicted in Figure 3.  ) is a continuous straight line. Note also that, due to the 

alignment of the sensors on the Newport table, PSM1 Y and PSM2 Y were 

reversed. In other words, since PSM 2 is mounted upside down, whenever Y1 

goes up, Y2 goes down.  

 As shown in Figure 3.  , the HeNe laser took approximately 30 min 

to stabilize in the Y direction, and an average of 6.3 hours to stabilize in the X 
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direction.  The apparent sinusoidal motion in the X direction has been determined 

to be due to the age of the laser. Indeed, the resonating chamber in the 

NovetteTM is made of glass; which is slightly permeable to Helium. Over time, 

some of the stabilizing Helium has dissipated from the chamber requiring a much 

longer lead time to reach steady state. 

b. Polarized HeNe Results 
 

  

 
 
 
 
 
 
 
 
 
 

Figure 4.   Polarized HeNe laser performance – ½ Hz sampling for 8 hours 
 

According to the manufacturer’s datasheet (reported in APPENDIX 

D) the stability of this laser should be smaller than <0.03 mrad of drift after a 15 

min warm-up. According to our tests, the unit failed to meet this criterion. 

Following a 20 min warm-up, the laser fluctuated over a range >0.08 mrad (more 

than twice the advertised amount). Moreover, as shown in Figure 4.   the laser 

failed to reach steady a state in 8 hours. It was only after the 10 hour point that 

the laser reached a “steady” (<0.03 mrad drift) state (See the section on steady 

state behavior below).  Note also that the plotted positions of the polarized laser 

create much thicker “lines” than that of the HeNe above. This is a result of the 

polarized unit having a higher bloom rate than the other lasers. 
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c. Diode Results 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.   Diode laser performance – ½ Hz sampling for 8 hours 
This laser behaved very much as expected: after an initial warm-up 

period (of approx 22 min) the laser reaches a stable, steady state operation that 

lasts for approx 4 hours. After 4 hours of continuous operation the dielectric 

material begins to overheat, causing some instability in both the x and y axes 

(beam wander). This can be overcome by giving the laser a brief (30 min) cool-

down, or by actively cooling the laser. 

d. Overall Comparison 
 
 
 
 
 
 
 
 
 
 

Figure 6.   Reaching steady state operation 
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An initial glimpse into laser behavior showed that of the 3 units 

tested (see Figure 6.  ), the HeNe showed the least amount of drift/bloom while 

getting to steady state. This was not, however the critical criterion. The laser 

which demonstrated the most reliable, stable characteristics while in steady state 

operation is what was needed. 

 
2. Performance at Steady State 
Steady state performance was measured in the same setup described in 

Figure 2.   The exception was that lasers were brought to their optimum steady 

state operation times (6.3 hour warm-up for HeNe, 10 hours for Polarized, and 22 

min for the diode) and tested at 2000Hz for 60 seconds. The results were 

graphed differently than above (see Figure 7.  ).  

• In the upper left is the familiar graph of Y and X vs. # of samples.  

• In the upper right is a graph of Y vs. X (in mm). This graph; 

however is insufficient to determine stability. Note that 2000Hz 

sampling for 60 seconds will result in 120,000 samples. In the 

upper right graph the (X,Y) points may be repeated many times, but 

show no effective “weight” to aid in determining average laser 

position. Therefore: 

• The lower right graph includes a weighting factor. The points that 

are singular appear as dark blue – the most repeated points in red.  
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• The lower left chart is a 3-D histogram created to demonstrate laser 

stability. The more frequently a point was hit, the “taller” it becomes 

on the graph. (Axes are mm x mm x number of occurrences)  

Figure 7.   HeNe Laser SS Performance (2000Hz for 60 Sec) 
 

Since the purpose of this phase of testing was to compare the 

performance of the different lasers, data from each laser was graphed on the 

same plane in order to provide a comparative analysis tool (see Figure 8.   mm x 

mm x number of occurrences). 
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When graphed together: 

 

 

 
 
 
 
 
 

Figure 8.   SS performance comparison (left to right: HeNe, Diode, Polarized) 
 
While the performances of the three lasers while in steady state appear 

nearly identical, some distinct trends exist. Repeated experiments produce very 

similar results: mainly that the polarized laser had the greatest “center of mass” 

(highest histogram) but also the greatest base size. The diode laser always had 

the lowest, most consistent height and the smallest base area. Analysis of these 

trends indicated that the polarized unit tended to wander less frequently than the 

other lasers; however when wander does occur it was more severe. The diode 

laser histograms indicate that it tended to be the most consistent (predictable) 

performer.  

 

3. Selecting a Laser 
Since the final design will require measuring the angular position of the 

laser line, the total amount of beam wander must be minimized. The polarized 

laser may wander less frequently (though only marginally so) however it 

demonstrated the greatest amount of total travel, and thus exhibited the greatest 

angular instability. The diode laser consistently demonstrated the capacity to  
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constrain its wander to a fairly small area (smallest angular movement of the 

three lasers) and thus was considered to be the most consistent, well behaved 

steady state performance laser. 

The diode laser had other advantages as well: it was very small, had lower 

power requirements, it was very inexpensive (a fraction of the cost of either 

HeNe design), and reached steady state operation in minutes. For these reasons 

the diode laser was selected for the final design. 

 

B. PHASE II – IMPROVING LASER PERFORMANCE 
Even though the diode laser was chosen as the most stable laser, the 

question of “Is it good enough?” remained. Since the testbed attitude knowledge 

requirement is 10µradians, the laser wander certainly could not exceed the 

corresponding amount of linear travel on the PSD, and ideally should be reduced 

as much as possible. 

Taking the steady state performance data for the diode laser and plotting 

impact position on the PSM produced the graph below (Figure 9.   mm x mm). 

 
 

 

 

 

 

 

 

 

Figure 9.   Improving Laser performance – running average 
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The points in red represent the X and Y co-ordinates collected in the 

2000Hz, 60 second sample for PSM1. (Note: At this scale the quantization effect 

of the analog to digital conversion is obvious, see discussion in section C below.) 

The spread covered 0.1mm in both the X and Y directions. Over a 4 meter 

distance this equates to 25µradians of wander; which was insufficient given the 

pointing requirements. By washing the data through a running average filter 

(1000 data point running-averaging) the line in green was achieved. By simply 

averaging-out the aberrant data a stability of 9µradians (0.04mm wander over 4 

meters) was achieved. Since the final “star tracker” will be sampling the sensor at 

10 to 100 times per second, we can preliminarily extrapolate (possible) sensor 

accuracy to within 3-4µradians. This estimation has to be verified once the 

overall sensor is integrated. 

 

C. PHASE III – TESTING PSM PERFORMANCE 
The OnTrak PSMs described in Chapter II were also evaluated to ensure 

suitability for the design. Specifically, tests were run to ensure that the PSMs 

were capable of providing data for long enough periods, and had the capability to 

distinguish very fine changes in laser position. 

 

1. Sensor Fatigue 
In order to remove the possibility of sensor error due to fatigue the 

following series of tests was run. Using the setup described in Figure 2.  , The 

system was started and the laser was run for several hours with one of the PSMs 

covered to prevent any light from contacting the sensor. After five hours, the 

cover was removed and a series of high frequency/short duration sensor 

readings were taken in order to determine if there were significant differences in 

sensor sensitivity. Figure 10.   (below) is a plot of one of these runs. The graph 

shows that a sensor that has been in operation for hours (the “straight” one) is 

every bit as sensitive as the “fresh” sensor (listed as the angle sensor). In fact, 

even in cases where sensors were run for 12 hours the PSMs showed no 
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tendency to fatigue/lose accuracy. For low power laser operations (2mW and 

below) the OnTrak PSMs performed just as well after several hours as they did at 

the beginning. 

 

 

 

 

 

 

 

 

Figure 10.   Sensor fatigue test 
 

2. Sensor Sensitivity 
The OnTrak PSM/amplifier system provides a linear analog output 

(ranging from -10V to +10V) along the 20mm PSD surface. Since the output is 

analog (and therefore continuous) the system is, in principle, infinitely accurate. 

When the analog signal is converted to digital form for processing (a function 

performed by the Keithley Instruments, Inc KPCI-1802HC PCI board) a 

quantization error is forced into the signal, limiting sensor accuracy.  

Quantization error exists because digital signals cannot replicate analog-

continuous signals exactly. Each incoming signal must be broken down into a 

finite number of divisible sections. Since the KPCI board is capable of 12-bit A/D 

conversion, this means the 20 volt analog signal (±10V) will be divided into 2^12 

sections, each 0.004883V apart. If the actual analog input signal does not exactly 

match one of these divisions it is rounded off to the nearest one and stored as 
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that value. This process means that the digital value may be off by as much as 

0.002442V (0.004883V÷2). Given this known max error, the system resolution 

was determined. 

The initial signal from the PSM is ±10V, a 20V signal for a 20mm PSD. 

This means for this system, voltage directly corresponded to location in mm; and 

laser position is known to within 0.002442mm. Over a 4 meter distance (ref 

Figure 2.  ) this means that a maximum error of: 

1

0.002442tan( )
4000
0.002442tan 0.61

4000

mm
mm
mm radians

mm

θ

θ µ−

=

 = = 
 

 

would be produced by the sensor system.  

Using the data collected during the laser test runs, repeated analysis was 

run on the input data. Having sorted the data numerically, values were compared 

in order to determine the distances between values. Removing repeated 

numbers, six consecutive readings were compared: 

 

 

 

 

 

 

Table 1.   PSD sensor readings 
 

Note that in each case the numbers differ by the expected 0.00488 value 

predicted by the quantization levels (the final number represents 2 x 0.00488; a 

jump of 2 Q-levels). The PSM/KPCI setup was determined to be more than 

capable of providing laser position to within 10µradians. 

1.39438339438339

1.40415140415140

1.40903540903541

1.41391941391941

1.41880341880342

1.42368742368742

Sensor value

1.39438339438339

1.40415140415140

1.40903540903541

1.41391941391941

1.41880341880342

1.42368742368742

Sensor value

0.00488

0.00488

0.00488

0.00488

0.00977

0.004880.00488

0.00488

0.00488

0.00488

0.00977
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D. PHASE IV – TESTING TOTAL SYSTEM PERFORMANCE 
After testing the system component-by-component a series of tests were 

run to determine if the star-tracker modeler as a whole was capable of providing 

the required 10µradian attitude knowledge. 

 

 

 

 

 

Figure 11.   System performance test set-up 
 

Figure 11.   above shows the adjusted set-up used to determine system 

performance. The diode laser (warmed up to steady state operation) was 

mounted on top of a precision tip/tilt table in order that a pre-determined angle 

change could be implemented and compared with the resultant change in 

measured position. The ATT-185-5 precision tilt (pitch-roll) table and ARS-301 

precision rotary positioner (see Figure 12.  ) manufactured by Aerotech, Inc. were 

chosen based on the advertised resolution capability of 0.1 arc-second 

(0.485µradians). For detailed information on the Aerotech nano-positioners, see 

APPENDIX F. 

 

 

 
 
 
 

Figure 12.   Aerotech, Inc. tip/tilt and rotary position mounts 
 

Laser performance test set-up

(top view)

2 meters

Laser performance test set-up

(top view)

2 meters2 meters
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The geometry of the experiment worked out to be quite simple. Each of 

the three knobs visible in Figure 12.   contain a coarse adjustment and a fine 

adjustment. The fine adjustment is divided into 32 gradations (circular knob; 

therefore each gradation represents 11.25° of adjustment). The literature for the 

devices states that moving the fine adjustment 0.5° will result in 0.1 arc-second 

of movement (each gradation then equates to 2.25 arc-seconds of movement or 

10.91µradians of movement). Over the four meter setup a 10.91µradians 

adjustment (in tip or rotation) should have been detected as 0.0436mm of 

movement (tilt was not measured).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13.   Testing tip-down/tip-up sensitivity 
 

Figure 13 shows the expected trends:  tipping down resulted in a change 

in the Y sense for both PSMs (remember that PSM2 is mounted upside down 

and shows reverse Y movement) tipping back 2 notches resulted in twice the 

amount of motion in the opposite direction, and a final depression to the starting 

position brought the sensors back to their starting outputs. However close 

analysis of the numerical changes involved gave discouraging results. For every 

adjustment of one gradation .087 - .089mm of movement was detected in the 

sensors – approximately double the expected value.  
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Assuming that the doubling effect came as a result of the mirror, the 

system was changed (the mirror was removed, and the laser moved to the other 

side of the table (2 meters from the sensors). The experiments were repeated – 

with similar results: each movement of the fine adjustment produced twice the 

amount of sensor reading predicted by the geometry. Several other changes 

were made to the geometry (moving the laser closer to the sensors and 

increasing the amount of tip/rotation involved, removing all components except a 

single sensor and the laser/tip-bed, using two mirrors to determine if optical 

components were responsible for the doubling, etc.) and in every case the results 

were the same: each gradation change produced an amount of sensed 

movement precisely double that which was expected. After discussion with 

Aerotech technical support, the problem was determined to lie within the 

Aerotech devices. The devices advertised a 0.1 arc-second resolution for 0.5° 

fine adjustment – but produced a 0.2 arc-second movement. When the numbers 

were re-verified using this information the sensors (and the system as a whole) 

was determined to be functioning properly and accurately. 
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IV. SENSOR LAYOUT 

To this point, the selection and testing of individual components have 

been presented, and the capabilities of the sensor as a whole have been 

examined. This chapter presents the precise layout of the sensor and the 

incorporation of the design to the testbed itself. 

 
A. COMPONENT QUANTITIES 

In the discussions/analyses above, a consistent design of one laser, two 

PSMs and a beam splitter has been used. Recall from Chapter III however that 

the reason two PSMs were used during testing was to remove the possibility of 

attributing sensor error to laser movement. In the course of all of the experiments 

run, no discernable PSM error has been detected. For the final design it has 

been determined that the use of a second PSM is unnecessary and undesirable 

(each additional PSM used doubles the amount of raw data the onboard 

processor will have to receive from the sensor). 

A single laser directing a beam onto a single PSM is capable of providing 

the direction of an inertially-fixed vector with respect to a body-fixed frame. In 

order for the sensor to meet the requirements (provide attitude knowledge to 

within 10µradians in all 3 primary axes), at least two laser/PSM pairs will be 

required.  

 

B. CHOOSING A LAYOUT 
The second generation testbed shown in Figure 14.   below contains 

several suitable mounting points for the star tracker modeler (the upper optical 

equipment deck, the optical equipment deck, the Attitude Control System (ACS) 

equipment deck and the Automatic Balancing System (ABS) equipment deck). All 

have standard ¼-20 holes for mounting the chosen sensor optical equipment. All 

of these surfaces provide adequate space and appropriate visual access to 

possible star (laser) locations. The upper optical deck, however, will rotate 
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independently from the main body, and is therefore not desirable. The optical 

equipment deck was chosen due to the availability of space, and because it is 

vibration-isolated from the rest of the testbed. 

 
Figure 14.   Artist rendition of the NPS Next Generation Testbed 
 

The initial visualization for the final sensor system is shown in Figure 15.  

This sensor configuration; consisting of three PSMs mounted at 90° to each 

other, was designed to ease the process of converting position knowledge to 

attitude information (since each sensor shares an axis with each of the other two 

PSMs redundant data would require no transformation). Closer analysis of the 

sensor requirements, however, demonstrated that the third PSM was 

unnecessary. Since each PSM can provide attitude information in two axes; two 

PSMs can provide three axis information, with one redundant measurement. 

Further options were explored. 
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Figure 15.   Initial Attitude Sensor configuration 

 
C. PLACEMENT OF THE PSMS 

 
1. PSMs on Wall 
Consideration was given to placing the PSMs on the walls (see Figure 16.  

). By mounting the small diode laser modules on the platform and directing them 

to wall mounted sensors position with respect to a reference system could be 

developed, thus attitude knowledge. This approach had several advantages:  

• No need for bus voltage 

o The diode lasers can be powered by 9V batteries 

o The PSMs, amplifiers, and KPCI card could be powered 

from wall outlets 

• No on-board processor (OBP) requirements: 

o Linking the PSMs to a stand-alone computer reduced the 

loading on the OBP 
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Lasers

Testbed

PSMs

Lab walls

Lasers

Testbed

PSMs

Lab walls  
Figure 16.   Design consideration one – PSMs on wall 

 

These advantages, however, were not sufficient to overcome the 

drawbacks of this design. Processing the information on a stand-alone computer 

meant that a separate wireless link would have to be incorporated. This separate 

processing and wireless data link would add a time delay to the system that 

would be very difficult to overcome. However, the primary reason for abandoning 

a design that placed the PSMs off the testbed was the intent to model the sensor 

after a star tracker. Quite simply, a star tracker uses ONBOARD sensors to track 

stars; vice using onboard stars to illuminate inertial sensors. 

 

2. Lasers on Wall 
 

 

 

 

 

 

 

Figure 17.   Design configuration two – Lasers on wall 
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As shown in Figure 17.   placing the sensors on the testbed modified the 

design so that it more closely models a star tracker. Using two lasers and two 

PSMs attitude knowledge would be known in all three axes (one laser/PSM 

combination providing table tip/rotation information, the other providing table 

tilt/rotation information) with redundant angle information for rotation.  

 

3. PSM/Laser Arrangement 
The decision to place 2 PSMs on the testbed to provide 3-axis knowledge 

still leaves the issue of what configuration they should be mounted. Figure 18.   

shows some of the possible design iterations.  

 
Figure 18.   PSM layout considerations 

 

On the left side, the use of only one laser with a beam splitter. This design 

entails some particularly challenging transformation matrices due to the fact that 

the single laser means that the axes are coupled. While the issues are not 

insurmountable, the design was abandoned when the laser test data 

demonstrated that the selected laser for this application would be less expensive 

than a beam splitter 

The center and right side layouts are simple variations on a theme. The 

decision to mount the PSMs together (to facilitate getting the PSM surfaces as 

nearly perpendicular as possible) was very attractive. The final PSM layout 
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option examined is shown in Figure 17.   above. The remaining decision was 

whether to mount the PSMs together (to facilitate alignment) or to mount the 

PSMs along the testbed axes. In both cases the PSM would be perpendicular to 

maximize the reliability of the 3-axis information. Trade studies on the two were 

just being undertaken when an additional consideration arose that changed the 

design substantially. 

4. Testbed Movement 
As mentioned above, the Optical Equipment Deck was chosen in part due 

to the vibration isolation. The advantage of this is that the Initial Attitude Sensor 

will (obviously) be sensitive to table motion, and non-motion vibration would not 

be discernable from actual table movement. Upon exploration of this theme it 

was noted that the hemispherical air bearing itself presented a design challenge.  

When the table is “down” (meaning when no air is supplied to the bearing) 

the table has a very stable condition. When floating on the airbearing, however 

the table height is ¼” to 5/8” higher (due to the air cushion). In either 

configuration discussed above, this “altitude change” would be interpreted as tip 

or tilt away from the “star” location. 

The solution to this problem was presented by Dr. Nelson Pedreiro and his 

team at the Lockheed Martin Advanced Technology Center in Palo Alto, CA. In 

the work conducted by the LM testbed engineering division, a solution to a similar 

problem has been achieved (see references [10-12]) a very slight variation of 

which was applied to the NPS testbed, resulting in the configuration shown in 

Figure 19. 
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Figure 19.   Finalized Sensor design 

 

By mounting the laser, PSM and a beam splitter on the testbed, and using 

a mirror mounted on the wall, the sensor is immune to the vertical translation 

caused by the air bearing. Note, since purely vertical translation is not relevant to 

the testbed motion, it is not necessary to measure it. If the motion is not purely 

vertical (if some tilt or tip occurs during floatation) this difference WILL be 

measured by the system. Arguably, the design in Figure 19.   does not perfectly 

model a star tracker (since the “star” is again mounted on the testbed) however 

the advantages overcome the possible philosophical loss. The beam will still 

appear from off the testbed (as far as the PSM is concerned) and since the beam 

is optically doubled in length, the motion of the beam spot is increased without 

increasing the distance from the laboratory wall, meaning smaller testbed 

movements will be detectable. 
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V. SENSOR KINEMATICS EQUATIONS 

As mentioned in previous chapters the ON-TRAK PSMs provide laser 

point position data in 2 axes (x and y in relation to the PSD centroid). In order to 

use the PSMs to gather attitude knowledge the “x and y” data taken from the 

sensors will have to be converted into tip/tilt/rotation information.  

Since the starting point of the laser beam (the “star”) is known with respect 

to the body frame, and the end-point position of the beam is measured by the 

PSM (a zero measurement corresponding to an inertially fixed position) a vector 

can be computed for each sensor set. Several methods of determining attitude 

from known vectors have been explored [13-15]. For the NPS testbed, the 

deterministic approach [16] was used. The position of the beam spot on the PSM 

is a direct result of the angular position of the testbed. Any tip(Θ), tilt(α) and/or 

rotation(γ) causes a corresponding change in the PSM measured position of the 

beam. Once this relation is calculated Θ, α, and γ can be calculated from any set 

of PSM observations. 

 

A. RELATING BEAM POSITION TO ROTATION 
Figures 20 and 21 below show the layout of one of the star tracker 

modelers. There are 2 units (one along the testbed X axis, one along the testbed 

-Z axis) however the layout of each is identical. Both units measure rotational 

movement and the proof for each is the same.  

 

 

 

 

 

Figure 20.   Sensor layout – Top view 
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Figure 21.   Sensor layout – Side view 
 

It is important to note that the laser, the PSM and the beam splitter are 

fixed in place on the testbed. This means that changes to the testbed position 

also move these components. For example, if the table is rotated γ degrees (see 

Figure 22.   below) the laser, PSM and beam splitter are also rotated γ degrees. 

 
 
 
 
 
 
 
 
 
 
 

Figure 22.   Testbed rotation and sensor movement 
 

 This simplifies the geometry significantly. As the PSM/beam splitter fixed 

pair rotate the beam point travels along the X-axis of the PSM (see figures 23 

and 24 below). For purely rotational movement there is no change detected in 

the PSM Y-axis. Because of this it is possible to relate a change in the detected 

position of the laser beam along the PSM X-axis directly to a rotation of the 

testbed. 
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C

Beamsplitter
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rotation angle = γ

∴ = 2γ
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Figure 23.   Rotation effect on PSD X-axis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 24.   Star tracker model kinematic derivation points (rotation). 
 
The following list explains the letters/points shown in Figures 21 and 24.  

A Point where beam leaves laser 
B Point where beam hits mirror when γ=0° 
C Point where beam first contacts the beam splitter. 

Note: this is a constant due to the fact that the beam 
splitter, laser and PSD are hard-mounted together. 
Thus, Cinitial=Cfinal or Cγ=0°=Cγ≠0° 

D Point where beam hits mirror when γ≠0° 
E Second point where the laser contacts the beam 

splitter (different from C if γ≠0°) 

X axis of 
PSD

X axis of 
PSD

PSDPSDPSD

PSDPSDPSD

X axis of 
PSD

X axis of 
PSD

PSDPSDPSD

PSDPSDPSD

rotation angle = γ

E

L ∴ = 2γ

C  directly above O

D

A

B

F
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E
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C  directly above O

D

A

B

F



34 

O The center of the detector. Note that our initial setup 
will require that the beam will contact the PSD at O 
when γ=0°. 

L The point where the beam impacts the detector when 
γ≠0° 

h The height of the beam splitter above the PSD (aka 
OC ) 

F Conceptual point on the X axis, directly beneath point 
E 

 
OL  The key vector. OL X= ∆  (the change in PSM X-axis 

reading due to γ) 
CO  A vector of known magnitude (by design) 
AB  A vector of known magnitude (by design) 
AO  A vector of known magnitude (by design) 
 
γ The amount angular rotation of the platform with 

reference to the zero position 
 
Statements Proofs 

cos( )
ABAD
γ

=  
 

cos( )
ABCD AC
γ

= −  
cos( )
ABCD AD AC AC
γ

= − = −  

tan(2 )
cos( )
ABCE AC γ
γ

 
= − 
 

 tan(2 ) tan(2 )
cos( )
ABCE CD ACγ γ
γ

 
= = − 

 
     

DCE∠ is a right triangle 
tan(2 )FL h γ=  EL  is a downward projected beam from the 

beam splitter. Consider the right triangle EFL∆  
EF CO h= =    

tan(2 )
cos( )
ABX h ACγ
γ

 
∆ = + − 

 
 

tan(2 ) tan(2 )
cos( )

tan(2 )
cos( )

X OF FL

X CE FL

ABX AC h

ABX h AC

γ γ
γ

γ
γ

∆ = +

∆ = +

 
∆ = − + 

 
 

∆ = + − 
 

 

Table 2.   Developing the rotational kinematics 
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Thus, the equation relating PSD X-axis reading to testbed rotation is: 

tan(2 )
cos( )
ABX h ACγ
γ

 
∆ = + − 

 
 

 

Where all quantities are constant except ΔX (given by the PSM) and γ 

(which is the desired rotation angle). For small angles (the field of view of the 

sensor will be less than 2°) the relationship between ΔX and γ is nearly linear 

(see Figure 25). 

 

Figure 25.   ΔX vs. γ for small angles 
 

B. RELATING BEAM POSITION TO TIP/TILT 
The star tracker modeler measures tip and tilt using separate laser/beam 

splitter/PSM units; one mounted along the testbed X axis [measuring tip(Θ)] the 

other along the testbed –Z axis [measuring tilt(α)]. The derivation of the 

kinematics is the same for both cases, however, as the motion experienced is the 

same. 
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Figure 26.   Star tracker modeler during testbed tilt 

 
As shown in Figure 26, testbed tilt causes the beam reflected by the mirror 

to come back to the beam splitter at a different position. This means the 

downward reflected portion of the beam will contact the PSM at a different 

location. (The contact point is still along the PSM Y-axis however.) Similar to the 

derivation for rotation above it is possible to geometrically link a change in 

measured PSM Y-axis position directly to testbed tilt. (Note that for clarification 

the angles have been exaggerated to the point that the beam is shown off the 

sensor. The Kinematics are valid for any angle, however the sensor is only large 

enough to detect small angles.) 
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Figure 27.   Star tracker model kinematics derivation points(tilt/tip) 

 

A Point where beam leaves laser 
B Point where beam hits mirror when α=0° 
C Point where beam first contacts the beam splitter. Note: this 

is a constant due to the fact that the beam splitter, laser and 
PSD are hard-mounted together. Thus, C0=C1 even though 
these points appear different in the drawings. 

D The point of intersection of AF  and EL  
H A point on the PSD representing an extension of EG  
O The center of the detector. Note that our initial setup will 

require that the beam will contact the PSD at O when α=0°. 
L The point where the beam impacts the detector 
 
EN  A vector normal to the beam splitter at the second laser 

contact point 
EG  A vector which forms one side of a 45°45°90° triangle 

( 1EGC∆ ) 

OL  The key vector. OL Y= ∆  (the change in PSM Y-axis 
reading due to α) 

CO  A vector of known magnitude (by design) 
 
α The change in elevation of the platform with reference to the 

zero position 
ß Angle of incidence/reflection at beam splitter at the second 

laser contact point. 
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Statements Proofs 
45DEG β∠ = °−  45NEG∠ = °  by design 

DEG NEG β∠ = ∠ −  
45 2β α= °−  Consider the right triangle EGF∆  

180EGF FEG EGF GFE∆ →∠ +∠ +∠ = °  
(45 ) (90 ) (2 ) 180EGF β α∆ → °+ + ° + = °  

45 2β α⇒ = °−  
2DEG α∴∠ =   

cos( )
ABAF
α

=  
 

cos( )
ABCF AF AC AC
α

= − = −

 

 

sin(2 )
sin(135 2 )

CE CFα
α

=
°−

 Consider the right triangle CFE∆  and apply law of 
sines 

sin(90 ) sin(2 ) sin(90 45 2 ) sin(2 )
CF CE CF CE

β α α α°+ °+ °−
= ⇒ =

cos(45 )OH CE= °  1OH CG=  

( ) tan(2 )HL CG CO α= +  ( ) tan(2 )

( ) tan(2 )

( ) tan(2 )

HL EH

HL EG GH

HL CG CO

α

α

α

=

= +

= +

  1EGC∆  is an isosceles 

triangle 
cos(45 ) ( ) tan(2 )

cos(45 ) ( cos(45 ) ) tan(2 )

cos(45 ) cos(45 ) tan(2 ) tan(2 )

cos(45 )(1 tan(2 )) tan(2 )

sin(2 ) cos(45 )(1 tan(2 ))
sin(135 2 )

Y OL OH HL CE CG CO

Y CE CE CO

Y CE CE CO

Y CE CO

Y CF CO

α

α

α α

α α

α α
α

∆ = = + = ° + +

∆ = ° + ° +

∆ = ° + ° +

∆ = ° + +

 
∆ = ° + + ° − 

tan(2 )

sin(2 ) cos(45 )(1 tan(2 )) tan(2 )
sin(135 2 ) cos( )

ABY AC CO

α

α α α
α α

  
∆ = − ° + +  ° −  

 

Table 3.   Developing the tip/tilt kinematics 
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Thus, the equation relating PSD Y-axis reading to testbed tilt is: 

sin(2 ) cos(45 )(1 tan(2 )) tan(2 )
sin(135 2 ) cos( )

ABY AC COα α α
α α

  
∆ = − ° + +  ° −  

 

As before, the only unknowns are ΔY (measured by the PSM) and α, the 

tilt measurement desired. Again, for small angles the relationship between ΔY 

and α is nearly linear (see Figure 28). 

 

Figure 28.   ΔY vs. α for small angles 
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VI. TESTBED/SENSOR SETUP 

This chapter will serve primarily as documentation for the procedure of 

positioning the attitude sensor, should it be necessary in the future to replace/re-

align any components. 

A. EQUIPMENT USED 
o Tape Measure (metric if possible) 
o 4’ level 

 Note: a long level is necessary because the Optical 
Equipment Deck is not flat. If a small bubble-type level is 
used the table may not be level. Use a long builder’s style 
level laid across the entire surface. 

o Pencil 
o Large Triangle (90° square) 
o LaserMark® MP5 Five-Beam Laser (See APPENDIX G) 
o A magnetic Polycast® Protractor (See APPENDIX H) 

 
The LaserMark® MP5 Five-Beam Laser is a device used primarily in 

construction. It contains 5 laser beams, all arranged at 90° angles. Three of the 

beams are in the horizontal plane, one points up, the final points down. The 

beams are spaced around a shared origin so that when turned on, five beams 

emanate from the device providing an automatic reference system. Additionally 

the device is self-leveling so that minor inclinations are compensated for. 

 

B. STEP ONE – CALIBRATE THE MP5 
Performed in accordance with the operator’s manual to ensure maximum 

accuracy; this procedure occurred in the hall outside the Optical Relay Mirror 

Laboratory. This hall crossway allowed distances of 50m x 35m to be used for 

calibration. In summary, the MP5 was placed on the tripod and centered over a 

mark on the floor. The 3 horizontal beams were aligned so that one traveled the 

50 meter length of the hallway, one traveled 25 meters down the crossway, and 

the other the 12 meters to the doors. The location of each beam spot was 

marked on the wall it contacted. By carefully rotating the MP5 90° until one of the 

beams was in a spot previously occupied by its predecessor, the location of the 
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other 2 beams were checked to ensure they fell on a prior beam spot. If the 

beams failed to fall on a mark, the set screws were adjusted (according to the 

owner’s manual). When a series of 90° rotations bring the beams constantly into 

the same location, the unit is properly calibrated and is ready for use. 

 

C. STEP TWO – POSITION TABLE 
The table was positioned so that the edge of the optical equipment deck 

was 2 meters away from the West wall, and 2 meters from the South wall. The 2 

meter distance was chosen primarily to ensure the sensor had an optical path 

greater than 4m, but also to allow sufficient working space around the test bed. 

 

D. STEP THREE – REMOVE UPPER OPTICAL EQUIPMENT DECK 
The Upper Optical Equipment Deck was removed in order to clear the 

optical equipment deck as much as possible to facilitate the sensor 

installation/alignment/calibration. This was necessary because the table axes 

had not been clearly identified and marked. If the axes had been marked, steps 

four and five would not have been necessary (if the sensor is being re-aligned, 

and the axes are still clearly indicated, skip to Step 5). 

 

E. STEP FOUR – FIND THE TABLE CENTER 
The hole in the center of the Optical Equipment Bench was covered with a 

piece of sheet metal (affixed to the surface with ¼-20 bolts so that it would not 

move).  

a. Using a tape measure, one end was placed at the Optical 
Equipment Deck edge and the opposite edge of the table was 
found by noting the max distance between the two points (circular 
table, therefore the max distance between points on the edge is on 
a line over the center). The line along the edge of the tape was 
marked. 

b. The tape measure was shifted to another point, and another line 
drawn. 

c. Repeat as necessary until a clear center point is determined. 
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d. Note that the point where the majority of the lines intersect is the 
table center. Some lines will not cross this point due to irregularities 
in the roundness of the deck. 

 
 
 
 
 
 
 
 
 
 
 

Figure 29.   Finding table center 
 

F. STEP FIVE – INERTIAL REFERENCE SYSTEM 
For our simulator, the star tracker modeler will provide attitude information 

with respect to an “inertial” reference frame. To simplify the transformation 

matrix, it was decided to define this inertial frame to coincide with the table 

reference frame (when the table is at the zero position). Thus, the center point 

that was found for the table will also be the axial center point of the inertial 

reference frame. 

1. Tape Measure Estimation   
The location of the Inertial reference points (the marks on the walls 

that define the inertial reference frame) were estimated: 
 
a. See Figure 30; since the center is 60 cm from the optical 

equipment deck edge, and the edge is set 200cm from the 
W and S walls, the inertial reference X and –Z points were 
estimated* to be 260cm from the SW corner. 
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Figure 30.   Inertial point estimation 

 
i. *Caution should be taken not to attempt to determine 

the inertial reference frame using only a tape measure 
and the walls, as the walls are NOT GUARANTEED 
to be square. In the following sections this estimation 
is adjusted 
 

b. Similarly, the –X point was estimated on the East wall, and 
the Z point on the North wall. 

 
2. MP5 Correction and Verification 

a. Correction 
i. The MP5 comes equipped with a 3” high tripod which 

allows the user to suspend the unit over a designated 
point. The laser tool was placed over the table center 
point (the Inertial Y axis, and the table Y axis) and 
one of the 3 horizontal lasers was aligned with any 
one of the estimated axis points (in our example the 
+X point was used). 

ii. After allowing the MP5 to settle, the –Y axis point was 
checked to see that it was 90° off of the +X point. The 
estimated point was NOT 90° (see Note, above) and 
the placement of the axis point was corrected. 

iii. This step was repeated for the –X and +Y points. 
 

b. Verification 
i. By spinning the MP5 90° and allowing the unit to 

settle; the lasers should correspond exactly with the 
points, confirming that the inertial reference frame 
axes are precisely perpendicular. 

ii. By performing the 90° spin repeatedly the axes were 
verified. (If the marks and the lasers do not agree, re-
calibrate the MP5 and repeat step (2).) 
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The procedure outlined above provided a series of inertial axial points. By 

raising the MP5 3” and repeating the procedure a second set of points in the ±X 

and the ±Z directions was provided. Using the large triangle (90° square) the two 

+X points were connected with a line, and the two –X points with a line. These 

lines are both contained within the Inertial XY plane. Connecting the +Z points, 

and the –Z points defined the ZY plane. 

Before moving on to step 6, one more set of inertial axes indicators 

needed to be laid out – directly over the testbed. These marks (an X and Z axes 

plane) are necessary for aligning the beam splitters.  

1. The MP5 was placed (on its tripod) at any point along the table X-
axis (or Z-axis). [Note that when the unit is positioned correctly 
(when the downward laser is properly centered on the table axis) 
there is a beam spot on the ceiling DIRECTLY over that axis.] This 
spot was marked.  

2. Moving the MP5 along the axis several spots were marked on the 
ceiling.  

3. Using the 4-foot builder’s level as a straight edge, the points were 
connected to form an X-Z plane with an origin along the Y axis. 

The overhead markings will also be beneficial in enabling an operator to re-align 

the testbed to the inertial frame after the testbed-top has been moved.  

1. Level the testbed. 
2. Place the MP5 at any point along the testbed X or Z axis and 

(keeping the table level) rotate the table until the MP5 is illuminating 
both the Table axis (downward) and the Inertial axis (on the 
ceiling).  

3. Verify correct alignment by moving the unit around to different 
locations on the testbed axes and confirming alignment with the 
ceiling reference system. 

 

G. STEP SIX – ALIGN THE TESTBED TO THE INERTIAL REFERENCE 
FRAME 
Note: ensure the testbed is level when performing this step. 

By design, the reference frames share a common center point. To align 

the frames, the MP5 was positioned off the table but in the Inertial XY plane (the 

beam should be approximately 3-4” above the table surface), as shown in Figure 

21 below. If the inertial reference system was created correctly, the beam should 
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cross the table exactly at the center point. The table was rotated so that the table 

X axis was aligned with the beam. 

(To facilitate this, the table X axis should be clearly marked on the upper 

surface.) Using the large triangle (90° square), position the table so that the 

square (when placed anywhere along the axis mark on the table surface) also 

contacts that laser beam.  

1. Notes:  
a. if the table surface is uneven, this may take several attempts 

(similar to finding the table center) 
b. if the testbed is not level, this procedure will not work 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 31.   Aligning the table to the inertial axis 
 
**It is not be possible using the equipment described to exactly align the 2 

reference frames (keeping in mind µ-radian accuracy requirements); however 

caution should be taken to get the alignment as close as possible. The closer the 

2 frames are during sensor installation, the easier the correction matrix will be to 

create. 

Move the MP5 to a position in the YZ Inertial plane approx 3” above the 

testbed and repeat to verify the alignment of the table ZY plane. When 

completed, the inertial axes and the test bed axes are aligned. 
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H. STEP SEVEN – INSTALL POSITION SENSING MODULES 
Close examination of the ON-TRAK PSMs will show that while the PSD is 

positioned off-center within the protective case; the PSD center is clearly marked 

on the outside of that case. Using these marks and the 90° square, the PSM was 

positioned on the table centered above the axis (one unit along the X-axis, one 

along the –Z-axis). This aligned the axis of the PSD with the testbed axis. The 

center of the PSD was placed 7cm from the edge of the Optical Equipment Deck 

– the amount of distance is not critical, however it is very important to be precise 

in measuring this distance for use in the calculations in Chapter VI. In other 

words placing the unit 6, 8 or even 10 cm from the table edge would have 

worked; as long as the distance was known accurately. On the NPS testbed 7cm 

was chosen because it facilitated the placement of the beam splitters. Note: 

when the PSMs are correctly mounted measure the distance from table center to 

the center of the PSD (this number will be needed when aligning the beam 

splitters) 

The ON-TRAK PSMs have a procedure for calibrating the unit in the event 

that a laser spot directed to the exact center of the PSD gives a non-zero 

reading. This step (if necessary) will be the final step taken in this chapter. 

 

I. STEP EIGHT – INSTALL THE DIODE LASERS 
Just as in step seven, the placement distance of the laser diode (along the 

axis) is not critical as long as accurate measurements are taken. The NPS 

testbed lasers were placed 18cm from the edge of the deck. 

1. FOCUS 
Using a mirror temporarily placed at the wall (in the position the star 

tracker modeler mirror will be); the laser was reflected back to the table and 

focused at a distance corresponding to the total path length. This distance is the 

distance from the laser cavity to the mirror, directly back to the PSD center and 

down. In Figure 32 (below) the path length is shown as A→B→C→O. 
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Figure 32.   Path length 
 
2. Align with Respect to Inertial 
Placing the MP5 back in the center of the table (on the tripod) the 

temporary mirror installed above was removed. The unit was aligned to the 

inertial system and the table axis was checked to ensure that it was still aligned 

to the inertial frame. The diode laser was positioned so that the MP5 laser 

crossed directly over the center of the diode cavity and the diode laser directed 

so that it shined onto the wall inertial reference mark put down in step five. Figure 

33 below shows a “gun-site view” of the diode laser. In the foreground the bottom 

of the MP5 laser contacts the center of the diode laser cavity while the remaining 

portion of the MP5 laser continues on to the inertial reference mark on the wall. 

Below that point the diode laser spot can be seen.  

 
Figure 33.   Gun-site view of diode laser alignment 
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The beams were then checked to ensure they were parallel. Since the 

MP5 laser system includes and auto-leveling device, the reference beam is 

parallel to the axes (testbed and inertial). The 90° square was used to verify that 

at the diode laser cavity (point A in Figure 32) the beams were both correctly 

centered above the testbed Z-axis. While performing this step, the square was 

marked with the location (height) of each beam. Since the beams need to be 

parallel, this distance should be the same at any point in the optical path. By 

adjusting the diode laser as necessary, it was ensured that the diode laser path 

was directly over the axis and parallel to the reference beam. The use of a semi-

transparent (see Figure 34) material made the process of checking parallel 

distance easier.  

 
Figure 34.   Semi-transparent 90° square 

 

J. STEP NINE – INSTALL THE WALL MIRRORS 
The use of optical components mounted in adjustable holders greatly 

simplified the alignment process. The wall mirror and beam splitter (see 

Appendices I and J) mountings allow manual adjustment of a beam in the 

general direction desired; from there the fine adjustment mechanisms can be 

used to steer the beam into place.  

The mirrors were positioned so that the diode laser beam made contact 

¼” to 5/8” below the center of the mirror (this distance corresponds to the amount 

of table “lift” generated by the air bearing). The mirrors used for the NPS testbed 

measure 50mm (square) whereas the PSDs themselves are 20mm x 20mm. 
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Because of the geometry of the situation, the mirrors are much larger than is 

strictly necessary (as the table rotates, the beam will leave the surface of the 

PSD before it leaves the surface of the mirror). If smaller mirrors are used, more 

careful calculation of the testbed height change would have to be performed to 

ensure maximum field of view (FOV) of the sensor. 

Fine adjustments were made to the mirror so that the laser diode beam 

was reflected directly back into its own cavity. If step nine (above) was correctly 

performed, the MP5 laser should also be reflected back into its cavity.  

 

K. STEP TEN – INSTALL THE BEAM SPLITTERS 
Since the beam splitter holder has three adjusters, it would be very difficult 

to position the device into the exact correct position using the magnetic 

Polycast® Protractor alone. In fact, depending on how the beams splitter is 

mounted it may not be possible to correctly align it at all using a protractor. This 

is the reason the measurement was taken in step seven (the distance from the 

center of the PSD to the table center). Using this distance, a mark was made on 

the ceiling axes above the PSD center. 

The beam splitter was then positioned over the PSM ensuring that the 

alignment was as close as possible using the protractor to ensure a 45° angle. 

The height was set so that the diode laser beam cut through the center of the 

beam splitter. [If the alignment is even close two beam spots should now be 

visible: one on the PSD and one on the ceiling (near the mark just placed on the 

axis.] Using the fine adjustments on the beam splitter holder these spots were 

steered exactly on center (one to the PSD center, one to the ceiling mark). 

If the light reflected upward hits the ceiling axis on the indicated point, and 

the reflected beam spot on the PSD is in the center, the beam splitter must be in 

the correct position. 

To verify the correct placement of the beam splitters, note that the upward 

reflected beams from the X-axis beam splitter, the -Z-axis beam splitter and the 
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MP5 must all be parallel. Measure the distance between each and verify that 

distance at several points between table height and ceiling. 

 

L. STEP ELEVEN – CALIBRATE THE PSMS 
Now that the star tracker modeler is in place, it is important to verify the 

calibration of the PSMs. Note that this step is different from the system 

calibration (discussed in CH VII); here ONLY the PSMs are calibrated. This is 

necessary due to the photosensitive nature of the PSDs and the lighting 

configuration of the lab. The procedure for calibration is outlined in the ON-TRAK 

OT301 amplifier user’s manual. However, before beginning to calibrate these 

devices it is important to note that lighting conditions will matter. Since the star 

tracker modules use photosensitive diodes any alteration in lighting conditions 

will affect the sensor readout. In the NPS Optical Relay Mirror Lab, there are six 

light switches controlling the fluorescent lighting for the overhead lights. If the 

calibration is performed in a given lighting condition, it is critical the system be 

run in this same condition. To this end (and to protect the alignment of the optical 

train) a cover was incorporated. 

 
 

Figure 35.    Optical train cover 
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A cover such as this (see Figure 35 above) provides alignment protection 

for the optics (to prevent an inadvertent “bumping” that may require several hours 

of Chapter V re-work) and also encloses the sensor unit to prevent fluorescent 

lighting interference. Filters are also a viable option (choosing a 635nm 

bandwidth discriminating optical filter) and would ensure that only the frequency 

of interest could be interpreted by the sensor. With an appropriate optical screen 

in place, the PSM calibration knob was adjusted to read zero (or as close as 

possible) on both axes (for each unit).  

 

 

 

 

 

 

 

 

Figure 36.   Post calibration sensor readings (mm vs. # of samples for 10 seconds ) 
 

Figure 36 shows the result of the PSM sensor readings after calibration. The 

maximum error in a static (testbed not floating) reading is 0.015 mm. Given the 

geometry of the unit this equates to a (maximum) 3.7-µradian error. This error is 

due to the wander associated with the diode laser. 

The Star Tracker sensor is now installed, aligned and ready for calibration. 
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VII. SENSOR CALIBRATION 

In spite of all the care taken in setting up the sensor, the alignment WILL 

be off. When dealing with micro-radians, proper alignment using tape measures 

and protractors is simply not possible. Similarly, misalignments occur in 

spacecraft mounted star trackers as well [16]. 

The 1σ star tracker accuracy is 6 arc-s in the cross boresight axes 
and 37 arc-s in the boresight axis.3 

During the complete testbed system integration an Alignment Kalman 

Filter (AKF)4 will be used to correct for misalignment of the system sensors 

(including the model star trackers), however it is important to get an estimate of 

how well the system performs before declaring success. 

In order to calibrate the sensor, the table must be shifted a small (within 

the FOV of the sensors) amount, and the resulting readings of the sensor 

compared to the “true” or known table movement. 

In many space applications, companies use Theodolites to accurately 

determine the placement and alignment of components.5 In keeping with this 

philosophy a digital theodolite (see Figure 37) was mounted on the testbed to 

record “true” testbed motion in order to correct for misalignment of the star 

tracker modeler. 

 
 
 
 
 
 
 
 
 
 
 

                                            
3 "Composite Estimate of Spacecraft Sensor Alignment Calibrations”, p. 373. 
4 Composite Estimate of Spacecraft Sensor Alignment Calibrations”, p. 371. 
5 Discussion with Dr. Nelson Pedreiro, Lockheed Martin Corporation. 



54 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 37.   The Nikon NE-20S Digital Theodolite 
 
 
Two points were marked in the “inertial” reference frame identified in 

Chapter VI. For this procedure, all differences in measurement (between the 

theodolite and the star tracker model) were attributed to the star tracker model. 

This may not be exactly correct, however it will provide a “worst case 

misalignment” that will be accepted as accurate for the purpose of calibrating the 

star tracker model. 

These points were used as stars for the theodolite. Azimuth and Elevation 

readings were taken to each “star” at each movement. Similarly, PSM readings 

were taken at each movement. In total 44 sets of data were collected (see 

Appendix K). These readings were converted to Euler angles with the convention 

of X (ψ), Y(Θ) and Z(Φ). Reference Appendix L for the Matlab coding used in 

conversion. 

Each PSD sensor gives two vector direction measurements at every 

sample. Similarly, the theodolite provides two direction measurements (azimuth 

and elevation – thus one vector) to each “star” with every measurement. From 

the vector directions the deterministic algorithm (Wertz, Spacecraft Attitude 

Determination and Control, 1978) was used to compute the attitude of the 

platform. Euler angles were used as attitude parameters. 

The difference between theodolite readings and star tracker model 

readings were analyzed in order to determine what (if any) consistent 
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misalignment (“systemic error” or bias) existed. An estimation of this bias was 

then applied to the next set of PSM readings. Since the Theodolite (a Nikon NE-

20S) has a precision of ±10 arc-seconds (48 µ-rad) and the star tracker modeler 

±1 arc-second (4.8 µ-rad); the sensors were considered calibrated when adjusted 

sensor readings consistently fell with 22 arc-seconds (107 µ-rad) of the theodolite 

readings. The bias matrix was determined to be: 

• ψ +9.5000 
• Θ+22.2500 
• Φ+12.0250 

The final set of data taken (refer to Appendix K) shows that after applying 

this correction, the sensors and the theodolite agree to within 22 arc-seconds: 

our sensors were then considered calibrated. 

 
A. ERROR BUDGET 

Total system noise (including noise from the sensors, amplifiers, and 

analog to digital conversion) is minimal. In fact, the noise from all of these 

components together is so small that it is not distinguishable after quantization 

occurs. Thus, counting the quantization error (determined to be 0.61 µ-rad in 

Chapter III) as a part of system noise sets the Total system noise error budget to 

0.61 µ-rad. 

Laser wander introduces another component of error into the system. 

Since the position of the laser beam is only known to within 3 µ-rad, an error of 

that amount must be assumed. 

The remaining portion of the error is attributed to misalignment in the 

mounting of the sensor components and coupling-effects of the motion 

(tip/tilt/rotation); which were neglected in determining the kinematics equations. 

These misalignment errors may be reduced using an Alignment Kalman Filter.  

The theodolite calibration described above provides an upper-boundary 

for the total error. 
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VIII. CONCLUSIONS 

Using diode lasers and photovoltaic sensors, it is possible to model a star 

tracker capable of providing attitude knowledge to within 4 µradians. For 

laboratories not capable of purchasing an actual star tracker, or laboratories for 

which a star tracker is not feasible (due to photosensitive equipment or limited 

views of the sky) this model can be implemented to provide comparable initial 

attitude information. 

 
A. SUMMARY 

The equipment selected as components make the model a viable and 

affordable alternative to purchasing a space qualified star tracker. This system 

functions well, providing precise, accurate readings with few limitations. 

1. Resolution 
Recall from CH III that our sensor (due to the quantization associated with 

digital-to-analog conversion) is capable of distinguishing the location of the laser 

beam spot to 0.002442mm. Using the kinematics equations derived in CH V 

(calculation using the given geometry after setup) results in a max resolution of 

5.59x10-7 radians or 0.559µradians. This is approximately the same resolution 

found in the Lockheed-Martin sensor [11]. 

2. Precision 
The limiting factor in sensor precision is the diode laser. Remember that 

while the laser was chosen because it was has the most predictable, consistent 

behavior, some wander still occurs.  

The readings taken during the PSD calibration indicated that laser stability 

(when in SS operation, and after applying a running average filter) averaged 3-4 

micro-radians of wander over the sampling time. This is the limiting factor in 

determining sensor precision; and sets the limit at 4 µradians. 
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3. Accuracy 
System accuracy is the most difficult of the three to determine; as it 

involves relating the measured performance to “true”. For this testbed sensor, 

accuracy has more to do with alignment than it does to precision or resolution. 

After the rough correction matrix derived in CH VII it is possible to claim 

calibration of the sensor at an accuracy within 22 arc-seconds (107µradians). It is 

important to recognize that greater accuracy will be possible during the operation 

of the spacecraft simulator if a recursive attitude determination approach with 

sensor misalignment estimation is used. Frequently spacecraft are launched with 

star trackers having accuracies approaching or exceeding 37 arc-seconds, and 

are corrected once on orbit (many methods exist, see [17]). 

Once the final system is up and running and an Alignment Kalman Filter 

(AKF) is applied the system accuracy will approach the limitation set by laser 

accuracy (4µradians). 

4. Limitations 
a. System Reset 
The star tracker modeler requires the testbed to be reset to an 

initial position at the beginning of each run. For the NPS testbed this is not a 

critical issue; however it does illustrate that the sensor provides initial (not 

continuous) attitude knowledge within a narrow field of view. 

b. Field of View (FOV) 
A common trade-off in optics is accuracy vs. field of view. The 

sensor provides high precision information (4 µradians from a 2-meter-to-wall 

separation) but the cost is field of view. Examining the kinematic equations 

derived in Chapter V shows that the 10mm total travel (1/2 of the sensor size) 

limits the total modeler a FOV (actually an angle of view) of 0.1365°. Another way 

to say this is that the sensor has a precision of 4 µradians and a range of 2383 

µradians in any direction. It is possible to increase the angle-of-view by altering 

the distances used in the sensor construction (the distance between the wall and 
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the platform, or between the beam splitter and PSM making the largest changes). 

The angle-of-view can also be increased by using a larger PSD. 

B. RECOMMENDATIONS 
I suggest the following recommendations for future work to improve the 

star tracker model.  

1. Include a Rough Sensor 
The sensor as-is works well as a fine pointing sensor; the primary 

drawback is the limited FOV. By expanding on the idea proposed in CH2-A a 

simple coarse sensor could easily be incorporated into the testbed using 

commercial off the shelf (COTS) camera/CCD technology. Using the equations 

presented in CH2 to achieve – not the 10µradian system requirement, but a 0.12° 

capability (after which the star tracker can take over) this arrangement becomes 

much more plausible. The optics requirement changes from 1-meter to a  0.57 

mms.  

2. Add a Second PSM to Each Sensor 
In the initial trials a second PSD was used to ensure that readings on laser 

movement could not be attributed to sensor error.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38.   Laser Wander differencing using opposing PSMs 
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Notice in Figure 38 that because one of the PSMs was mounted upside 

down, the Y axis readings were inverted. By mounting a second PSD into each of 

the two sensors, the effects of laser wander could be removed from the system. 

This could (feasibly) increase the system precision very close to the level of 

resolution (0.559µradians) – nearly an order of magnitude improvement! 

3. Move Table Closer to Increase FOV 
Another way to deal with the limited FOV is to reduce the distance 

between the laser and the mirror. The simplest way to achieve this is to move the 

testbed closer to the walls. If this is done in conjunction with the addition of a 

PSD to limit beam wander effects, the overall system precision could be 

improved while dramatically increasing sensor FOV. 

4. Use a Wavelength Discriminating Filter 
The setup as-is suffers from extreme photosensitivity. Changes to the 

current lighting configuration are interpreted by the PSD as a shift in laser beam 

location (since the OT-301 amplifier averages the light readings). By covering the 

PSM with a wavelength discriminating (bandwidth) filter, the “noise” of overhead 

lights could be removed from the system. This will entail a re-calibration of the 

PSMs themselves (as in CH VI); however the overall benefit would merit the 

effort. 

5. Perform Testbed Alignment Kalman Filter (AKF)6 
As mentioned previously, the correction applied to the alignment is 

cursory. It is the intention of the testbed engineer to perform an AKF once all on-

board sensors are installed and aligned. This method, discussed in greater detail 

in reference [17] will increase overall sensor accuracy to that commiserate with 

actual (space qualified) Star Trackers. 

 

 

                                            
6 "Composite Estimate of Spacecraft Sensor Alignment Calibrations”, p. 371. 



61 

APPENDIX A – PSM DATASHEETS 
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APPENDIX B – OT301 AMPLIFIER DATASHEETS 

 
 
 



66 

 
 



67 

 



68 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 THIS PAGE INTENTIONALLY LEFT BLANK 
 



69 

APPENDIX C – HENE LASER DATASHEETS 
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APPENDIX D – POLARIZED HENE LASER DATASHEET 
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APPENDIX E – DIODE LASER DATASHEETS 
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APPENDIX F – AEROTECH NANO-POSITIONER DATASHEETS 
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APPENDIX G – LASERMARK® MP5 FIVE-BEAM LASER 

 

 
MP5 Five Beam Laser 

Plumb, Level, and Square instantly up to 100 feet!  
The MP5 Self-Leveling Laser is 21st century's "must 
have" productivity and accuracy enhancing tool. Five 
independent self-leveling 650nm highly focused laser 
beams provide accuracy of 1/4-inch at 100 feet. Turn it on 
and go to work, no bubbles; and it levels itself to ±5º. 
Gravity design pendulum self-levels instantly and 
automatically with a unique magnetic dampening system. 

 
Low Power Indicator: Laser 
blinks 4 times every eight 
seconds 
Out of Level Indicator: Laser 
blinks rapidly 
Use for: Leveling, Squaring, 
and Plumbing-
Decks/Porches/Foundations, 
Transferring Points from Floor 
to Ceiling, Finish Carpentry, 
HVAC, Plumbing, Pipe 
Installation, Plumbing and 
Aligning Walls, Doors and 
Skylights, Installing Trim and 
Mill Work, Leveling Electrical 
Outlets, Determining Grade 

__________________________SPECIFICATIONS

Laser Diode 650nm Visible Red Beam, class IIIa 

Leveling Accuracy 1/4" at 100' (6mm at 30m) 

Visibility Range up to 100' (30m) 

Weight 1lb 3.2 oz. (545g) with Batteries 

Power Three (3) "AA" batteries (4.5VDC) 

Indicating Lights
Low Power: Laser blinks four times every eight seconds
Out of Level: Laser blinks rapidly 

Universal Base 7.1 oz. (202g) 

Includes laser, multi-mount accessory, mounting strap, target, 
padded carrying case, batteries and manual 

Warranty One Year 

__________________________CST ITEMS

58-MP5 Five Beam Laser Includes: Multi-Mount, Laser Trivet, 
Target, Strap, Carrying Case, and Manual 
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APPENDIX H – MAGNETIC POLYCAST® PROTRACTOR 

EMPIRE LEVEL MFG. CORP.
•929 Empire Drive
•Mukwonago, WI 53149 

• Phone:
1-262-368-2000

•Customer Service Phone: 
1-800-558-0722 

• Fax: 
1-262-368-2131 

• Email: 
empire@empirelevel.com

•Web:
http://www.empirelevel.com/

©2003 Empire Level Mfg. Corp. 
All rights reserved. 

EMPIRE LEVEL MFG. CORP.
•929 Empire Drive
•Mukwonago, WI 53149 

• Phone:
1-262-368-2000

•Customer Service Phone: 
1-800-558-0722 

• Fax: 
1-262-368-2131 

• Email: 
empire@empirelevel.com

•Web:
http://www.empirelevel.com/

©2003 Empire Level Mfg. Corp. 
All rights reserved.  

 

 

Magnetic POLYCAST® Protractor 
 

  

•Transfer angles to within 1 degree  
•Magnetic base and back 
•Built-in pitch calculator on back  
# 36  
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APPENDIX I – KINEMATIC MIRROR MOUNTS 
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APPENDIX J– KINEMATIC BEAM SPLITTER MOUNTS 
 

(used for mounting the pellicle beam splitters) 

Series 260 Mirror Mounts CVI Laser, LLC 
800-296-9541

 
  

Series 260 Mirror Mounts are perfectly sized for demanding breadboard and instrumentation 
applications using larger optics. Six models hold mirrors from 1.50" to 3.00". Both English and Metric 
taps and bores available. Model 260-30 is the most compact, cost-effective precision 3.00" mirror mount 
available. 

Rugged construction features a .75" thick support frame and hardened bearing points. The large 
2.63" moment arms provide a tilt range of ±4.8° and a sensitivity of 13µrad/°. The 3SC models permit 
translation and focusing of the mirrors over a range of ±5.5mm (±.22"). The 3SC models permit 
translation and focusing of the mirrors over a range of ±5.5mm (±.22"). 

Lockable Nuts 
All of our full size mirror mounts are now available with locking nuts 
260-B1 Base 
The beam height of this series can be raised to 3.00" above the mounting surface when base 

260-B1 is used. It also gives you more flexibility in mounting with 1/4-20 (M-6) slot. 
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APPENDIX K – CALIBRATION DATA 

X Elevation – Elevation as measured from the Theodolite to Star X 

X Azimuth – Azimuth as measured from the Theodolite to Star X 

Z Elevation – Elevation as measured from the Theodolite to Star Z 

Z Azimuth – Azimuth as measured from the Theodolite to Star Z 

Z PSD X– The “X” reading off the PSD mounted on the Z axis  

Z PSD Y – The “Y” reading off the PSD mounted on the Z axis 

X PSD Y – The “Y” reading off the PSD mounted on the Z axis 

X PSD X – The “X” reading off the PSD mounted on the Z axis 
X Elevation X Azimuth Z Elevation Z Azimuth Z PSD X Z PSD Y X PSD Y* X PSD X* 

90  00  00 00  00  00 90  00  00 270  00  00 0.00171916971917 -0.00517216117216 0.00255921855922 -0.0005616605616 
90  01  00 1  40 90  00  20 270  02  00 2.38667155067154 0.45755799755800 -1.06735042735043 -2.08861050061051 
90  01  20 359  56  00 90  02  00 269  55  40 -5.47578998779004 2.35557020757021 -1.25468131868131 5.04706227106231 
90  02  40 7  40 89  53  40 270  08  00 9.17380708180710 -7.53964346764358 -3.47590720390720 -9.07657142857139 
90  02  20 5  40 90  00  00 270  06  40 8.16855677655693 -0.03232722832723 -2.49115506715507 -7.39403663003651 
89  55  40 359  53  00 90  03  20 269  52  20 -9.50168498168497 4.05798778998783 5.80629059829063 8.78975824175831 
90  00  00 359  57  40 89  54  00 269  57  00 -4.10096214896210 -7.36869841269848 -0.14419536019536 3.42681807081811 
89  55  00 3  40 89  53  00 270  03  40 4.19444688644685 -8.78325274725277 6.17943345543352 -4.24272527472530 
90  03  4 3  20 89  53  00 270  03  20 3.59934554334551 -8.79936507936514 -4.65614163614166 -3.7092046520151 

89  54  00 359  59  00 89  53  20 269  58  20 -2.33612210012212 -8.49957997557997 7.27677167277156 1.85415384615385 
89  57  00 359  59  20 90  06  20 269  59  40 -0.10036141636142 7.77909157509150 4.72268620268620 0.35964835164835 
90  05  40 40 90  04  20 270  01  00 1.45243956043956 5.37209768009769 -6.17462759462764 -1.24690109890110 
89  53  20 359  59  20 90  05  00 269  59  40 -0.13365079365080 5.94973870573862 8.75329914529911 0.40293040293040 
89  53  00 359  53  40 90  06  20 269  53  20 -8.09055921855919 7.41665934065943 8.80015628815634 7.67712820512829 
90  06  40 359  53  00 90  04  00 269  52  40 -9.32341391941394 5.55941391941395 -7.28764835164843 8.42200732600744 
90  05  20 7  20 89  53  20 270  07  40 8.95057387057383 -7.62258363858366 -6.44779975579973 -8.93879853479857 
90  05  40 359  55  00 89  52  40 269  54  00 -8.18466422466425 -8.76094749694739 -6.99433455433458 7.00085470085471 
90  04  00 359  56  00 90  01  20 269  55  40 -5.38204639804634 2.13216117216116 -4.33476923076924 4.84259340659337 
90  05  00 7  00 89  59  40 270  08  00 9.88440048840038 -0.78043956043956 -5.69519902319896 -9.04533821733825 
89  57  40 359  57  00 89  59  40 269  56  20 -4.50884493284488 -0.69723565323564 3.59585836385835 4.09952625152623 
89  57  00 3  40 89  54  40 270  03  40 4.52535286935289 -7.05354334554342 4.08655921855922 -4.33871550671551 
89  54  20 359  55  40 89  57  00 269  54  40 -6.58689621489613 -4.01321611721612 7.41689377289388 5.90778998779003 
89  55  20 3  00 89  54  40 270  02  40 3.48012210012208 -6.91147741147748 5.92615873015879 -3.38683272283269 
89  58  00 40 89  59  20 270  00  40 0.80141147741148 -1.05120390720390 2.87571184371185 -0.79458852258852 
89  54  00 1  20 89  57  40 270  01  20 1.77903785103786 -3.25256654456653 8.12988522588521 -1.69347008547008 
89  58  40 359  58  20 89  58  00 269  57  40 -2.60391697191696 -2.39390476190478 1.94839072039072 2.08235409035409 
89  59  20 359  59  00 90  02  40 269  59  00 -0.92299389499389 3.27900366300369 1.65415873015872 0.68129914529914 
89  59  40 359  59  00 89  54  00 269  58  20 -2.34973870573871 -7.57486691086680 0.89270329670329 1.47700610500611 
90  05  00 359  55  40 89  56  00 269  54  40 -6.82474236874229 -4.71872527472523 -5.71890598290600 5.89860805860801 
89  55  20 3  20 89  54  40 270  03  00 3.95539926739934 -7.12527960927960 6.15011477411475 -3.83329914529916 
90  00  40 3  40 90  04  20 270  04  20 5.92036630036642 5.29738217338221 0.36401465201465 -5.25641025641021 
90  05  40 4  00 90  03  40 270  05  00 6.33988278388270 4.36873260073265 -5.99984371184373 -5.70974847374841 
90  00  20 6  20 89  56  20 270  06  20 8.13838827838814 -4.98518192918195 0.00995360195360 -7.54800976800986 
90  01  40 359  53  40 89  58  40 269  53  00 -8.87142857142860 -1.17248351648352 -1.31805128205128 7.94437606837601 
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90  01  40 5  20 90  00  00 270  05  40 7.48769230769243 -0.10303785103785 -1.40631990231990 -6.82520146520142 
90  03  20 359  53  00 89  59  20 269  52  20 -9.91246398046402 -0.41707448107448 -3.58425396825397 8.79164346764351 
89  56  40 7  00 89  54  20 270  07  20 8.98079120879134 -7.50206593406591 4.33755799755800 -8.50001953601954 
89  57  40 0 89  59  20 270  00  00 0.05861782661783 -0.91582905982906 3.63448107448107 -0.20512820512821 
89  58  20 359  56  00 89  53  00 269  55  00 -6.62703785103783 -8.36118681318694 1.94843956043956 5.66532844932850 
90  02  40 359  57  00 89  55  00 269  56  00 -5.17176068376075 -6.06873748473743 -2.98855677655678 4.38338949938947 
90  05  20 359  58  20 90  04  40 269  58  20 -1.91789499389500 5.93951648351647 -5.44346275946271 1.80041514041514 
89  54  00 359  59  40 90  00  00 269  59  20 -0.47084737484738 -0.31789499389499 8.30108913308920 0.36822954822955 
90  02  40 0 89  54  40 269  59  20 -0.87414896214896 -6.34427838827839 -2.90584126984127 0.48925030525030 
90  01  00 359  58  20 89  57  00 269  57  40 -2.78238339438337 -3.37038339438342 -0.96086935286935 2.31764102564102 
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APPENDIX L –MATLAB CODE 
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