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 This thesis discusses a new approach to tracking the REMUS 100 AUV using a 

modified version of the Florida Atlantic University (FAU) ultrashort baseline (USBL) 

acoustic positioning system (APS).  The REMUS 100 is designed to utilize a long 

baseline (LBL) acoustic positioning system to obtain positioning data in mid-mission.  If 

the placement of one of the transponders of the LBL field is known, then tracking the 

position of the REMUS 100 AUV using a passive USBL array is possible.  As part of the 

research for this thesis, the FAU USBL system was used to find a relative range between 

the REMUS 100 ranger and a LBL transponder.  This relative range was then combined 

with direction of arrival information and LBL field component position information to 

determine an absolute position of the REMUS 100 ranger.  The outcome was the 

demonstration of a passive USBL based tracking system. 
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1.  INTRODUCTION 

 

1.1. Overview 

 The REMUS 100 AUV currently utilizes a Long Baseline (LBL) Acoustic 

Positioning System (APS), which allows a REMUS to navigate a mission area with 

updated positioning information, while remaining submerged.  Position information is 

then used to navigate an area of interest and is also recorded for later examination.  

Unfortunately the user deploying the REMUS 100 is only given this position information 

during a mission when the REMUS updates the user via a modem message, which is sent 

to a ranging unit.  These modem messages are subject to error and are not transmitted 

after the completion of a mission.  Other than position data supplied via modem 

messages, the only position data available to the operator is range, also obtained via the 

ranging unit.  Developing a better system for real time tracking of the REMUS would 

allow for a more accurate and timely assessment of its position during missions. 

 Additionally, there are commercially available ranger-ultrashort baseline (USBL) 

tracking systems, which rely on range data and USBL derived direction of arrival 

estimates.  Such ranger-USBL configurations can provide an effective underwater 

tracking system, but require the ranger and USBL to be placed in the same physical 

location.  It is proposed to extend this concept to a decoupled version of a ranger-USBL 
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tracking system, where the ranger and USBL are not placed in the same location. 

 The REMUS 100 AUV relies on LBL ranging signals to provide positioning 

information during missions. The presence of these LBL ranging signals presents the 

opportunity to implement a decoupled ranger-USBL type tracking system.  In place of the 

typical ranging device, the ranging signals used by the LBL system can be used to 

produce a relative range quantity.  This quantity can then be combined with direction of 

arrival information to produce a position estimate.  The goal of this thesis was to develop 

this very type of LBL-USBL type of tracking system, which enables the passive tracking 

of the REMUS 100's position as it operates in an LBL field.  

 

1.2. Problem Statement 

 When an AUV modem message fails to be delivered, the system is not able to 

provide position information to the operator.  During surveys, AUVs traditionally 

evaluate their position using LBL acoustic positioning and dead reckoning.  The operator 

knows the position of the AUV only if (1) the vehicle surfaces or (2) the vehicle relays its 

position using an acoustic modem.  If the vehicle is underwater and acoustic 

communication is unreliable, the operator does not know where the vehicle is.  In practice 

several minutes may pass before the operator has an update on the vehicle's position.  

This is a problem if the vehicle drifts, is stranded or if the vehicle's mission is completed 

and the vehicle remains under water.  In the latter case knowledge of the vehicle’s 

position enables a prompt recovery.   
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1.3. Scientific Contribution 

 This thesis presents a novel way of tracking an AUV as it utilizes a LBL 

positioning system.  This improves the traditional technique of adding an ultrashort 

baseline beacon to the AUV being tracked and using a USBL array on the tracking 

platform to locate the vehicle.  The downside of the traditional approach is that it requires 

an additional beacon to be installed on the AUV.  Additionally, the technique proposed 

here is passive and does not require any additional hardware or modification of the AUV.  

The tracking system proposed here simply listens in on an AUV utilizing a LBL APS.  It 

also relies entirely on the existing equipment in the water to track the vehicle.  Based on 

the literature survey the proposed passive array technique presented in this thesis is a 

novel one. 

 

1.4. Objectives 

Four objectives were targeted during the completion of this thesis: 

 Design a passive, USBL based tracking system for use with the REMUS 100 

AUV that allows tracking of the REMUS 100 as it utilizes LBL positioning:  a 

mathematical approach to tracking the REMUS 100 was developed.  This 

approach involves using the known location of elements in the LBL field to 

estimate the position of the REMUS 100 using data from a USBL listening in on 

LBL communications. 

 Simulate this system's performance in a near shore operating environment:  a 
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detailed simulation of the proposed system was undertaken and an assessment of 

the systems potential performance was estimated.  This simulation included all 

likely interfering acoustic phenomena. 

 Implement both hardware and software required for operation of the proposed 

system:  after formulating a mathematical approach to the problem, a physical 

implementation of the proposed system was assembled.  This involved fabricating 

the required hardware, developing embedded software, developing system 

interface software and creating processing routines. 

 Test said system in the field, determine the feasibility of this type of system and 

identify avenues for improvement:  the system was tested and these tests 

established a proof of concept.  There are a number of refinements available to 

make the system more reliable and useful.  These refinements are identified and 

discussed in the conclusion section (Chapter 10). 
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2.  BACKGROUND 

 The background section presents the theories of operations of ultrashort baseline 

(USBL) systems and long baseline (LBL) systems, plus an overview of the REMUS 100 

AUV and a brief discussion of the signal processing.  All four topics are central and lay 

the basis for how the system presented in this thesis was developed.  More precisely, the 

system presented in this thesis is a USBL based system that relies on the principle of 

operation that under lie LBL positioning systems.  Additionally, the system was 

developed for use with the REMUS 100 AUV. 

 

2.1. Ultrashort Baseline Acoustic Positioning Systems 

 Ultrashort baseline acoustic positioning systems (APS) are small footprint 

acoustic positioning systems, designed to track a beacon or transponder [1].  USBL 

systems compare the phase information of signals received at distinct hydrophones to 

provide signal direction of arrival information [1].  These distinct hydrophones comprise 

a USBL array.  When this information is combined with an angle, or a depth when the 

configuration utilizes a pinger, a three-dimensional position estimation of the beacon 

being tracked can be formulated.  

 Two hydrophones in an array are said to compose a baseline.  Figure 1 illustrates 

the relationship between the phase differences (dT) and the direction of arrival (θi) of an 
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acoustic signal incident on a USBL baseline. 

 

Figure 1.  USBL Baseline [1] 

 

 To solve for signal direction of arrival, equation (2.1) is used [1].  In equation 

(2.1), θi is still the direction of arrival, dT is also still the phase difference, ƒc is the signal 

carrier frequency, b is the baseline length and c is sound velocity, 

 
          

  

 
     

 
 
 . (2.1)  

 USBL APSs typically utilize an array of four hydrophones, in varying 

configurations.  Pairs of these hydrophones constitute baselines.  In the case of the FAU 

USBL, four hydrophones are placed such that that they form two orthogonal baselines.  

One set of hydrophones forms a horizontal baseline, while the other set forms a vertical 

baseline.  With the phase information of the signal incident to each hydrophone, a 

direction of arrival of the arriving signal to each baseline can be determined.  When the 

direction of arrival angles for each baseline is combined, a three-dimensional direction of 

arrival angle can be determined. 
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 Functionally speaking, a USBL returns the direction of arrival of a signal from a 

transponder or beacon in spherical coordinates.  The result is every direction of arrival 

estimation has two components, an azimuth (θAZ) and an elevation (θEL).  This is depicted 

in Figure 2.  The FAU USBL is no exception and also returns direction of arrival 

information in spherical coordinates.  The math associated with the proposed positioning 

system, presented later on, will reflect this convention. 

 

Figure 2.  USBL Output 

 

 By testing for signal phase differences rather than using time of arrival 

information, as in other acoustic positioning systems, USBL systems inherently have very 

small footprints.  It is of note that hydrophone spacing is constrained by the wave length 

and therefore frequency of the signal being examined by the USBL system.  A USBL 

system is typically contained in a single package, which houses the properly oriented 
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hydrophones.  This “all in one” construction makes USBL systems convenient for ship 

installations, which is a point of emphasis as APS’s continue to be refined [27].  It also 

makes possible side lowered USBL system applications.  Instead of having to 

permanently mount a number of hydrophones to a vessel, a transducer assembly can be 

temporarily lowered over the side of a vessel.  USBL systems are also commonly 

mounted on AUV’s, for homing operations. 

 Finally, USBL APS’s are also commonly used for tracking modem signals [11].  

This allows the USBL to provide positioning information while appearing transparent to 

the acoustic communication system utilized by the body being tracked.  As acoustic 

communications utilize a larger portion of the bandwidth available in the underwater 

environment [20] [26], piggy backing on that process to provide positioning data is of 

increasing importance. 

 

2.2. Long Baseline Acoustic Positioning Systems 

 The focus of this thesis is using a USBL to listen in on a LBL system in order to 

track the vessel operating in the LBL field.  A deep understanding of LBL positioning 

systems' operation is not necessary for the development of such a system.  The proposed 

system is only dependent on the range estimations inherent to LBL positioning systems.  

As such, the discussion of LBL positioning systems will be brief.   

 Unlike USBL based positioning systems, long baseline systems rely on ranging 

values, rather than signal phase information [1].  An LBL system is composed of 

transponders, placed at known locations and a vessel capable of interrogating these 



9 

 

transponders.  Each of the transponders responds when interrogated, with the length of 

time between interrogation and response corresponding to a range.  This allows the vessel 

interrogating the transponders to calculate its location using the found range values to the 

transponders in an LBL array.  LBL systems rely on a transponder specific interrogation 

scheme that allows the vessel operating in the LBL field to interrogate each transponder 

individually.  In practice a LBL system consists of a network of transponders laid out in 

an area of interest, such as around an oil-drilling platform.  As few as two transponders 

can be used in an LBL array, given that the side of the LBL the vessel interrogating them 

is positioned on is known.  It is also of note that improving LBL positioning with USBL 

integration has been investigated [32], as well as the expansion of LBL positioning 

techniques to include additional sensors [28]. 

 

2.3. REMUS 100 Description 

       The goal of this research is to develop a LBL-USBL based tracking system to 

track the REMUS 100.  As such, this section will present a brief description of the 

REMUS 100 AUV and the LBL signals it employs. 

 The REMUS 100 (Figure 3) is an AUV that is designed to perform survey 

missions in depths of between three and one hundred meters [6].  The REMUS 100 is 

equipped with an ADCP array, side-scan SONAR, various oceanographic sensors and 

optionally, a video recording module.  The REMUS also comes with a combination 

ranging and command unit, which allows users to range the REMUS, receive modem 

messages from the REMUS and also send it a limited command set.  The same system 
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communicates with the transponders in the REMUS LBL APS and provides the REMUS 

with position updates mid-mission.  The REMUS also has a GPS antenna that can 

provide position data when the REMUS surfaces.  The REMUS uses a combination of 

LBL data, GPS data and dead reckoning position estimations to complete missions. 

 

Figure 3.  REMUS and Support Components [6] 

 

 The REMUS LBL system requires at least two transponders be placed 

appropriately according to the mission plan laid out in the REMUS gateway software [6].  

The REMUS will then have the transponder locations stored in memory, allowing for 

position calculations mid-mission.  The maximum transponder range is approximately 

two thousand meters.  Figure 4 depicts just such a LBL field configuration.  In the 

diagram transponders one, two and the REMUS are labeled accordingly.  Figure 4 gives a 

top down view of the area of operation, with Xr and Yr arbitrary orthogonal axes.  
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Figure 4.  Potential REMUS LBL Field Configuration 

 

 The REMUS interrogates each of the transponders in the LBL array individually 

and acquires a travel time from the REMUS to each transponder and back (τRT1 call + τRT1 

response, τRT2 call + τRT2 response).  These travel times are converted to ranges by scaling them 

with the speed of sound and then the resultant range values are used to calculate an 

estimated position.  It is this system that will allow for the development of a passive 

USBL based tracking system using the REMUS 100.  It is of note that tracking based on 

modem messages is an established technique, discussed in [11] and [31]. 

   In order to examine the characteristics of the LBL signals of the REMUS 100, in 

air recordings of the REMUS LBL system were taken.  The recordings were made using a 

EdgeTech recording system.  The EdgeTech system recorded the signal at 75 kHz, band 
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pass filtered the recorded signals and finally down sampled them by a factor of three.  It 

is also important to note that the output of the recording system was a analytical 

representation of the recorded signals.  This allowed for the direct use of the recorded 

signals in the simulation prepared for this thesis.  In addition to providing the waveforms 

used in the simulation, the “in air” recordings also provided information about the 

frequencies used in the communication protocol employed by the REMUS 100 LBL 

system.  This information was later used to configure the USBL system proposed in this 

thesis to track the REMUS.  Three transponders were available at the time these 

recording were made:  transponder A, transponder B and transponder D.   

 Figure 5 is a plot of the interrogation of transponder A by the REMUS 100.  

Looking at the Fast Fourier Transform (FFT) [22] plots in this figure of the call and 

response signals, it is evident that the REMUS 100 LBL system uses a signal carried at 

approximately 23 kHz to interrogate the transponder and the transponder uses an 

approximately 23 kHz carried signal to respond.  When these plots are considered, it is 

important to recognize that the signals seen here have been down shifted by 25 kHz due 

to the recording scheme implemented in the EdgeTech recording system.  For the purpose 

of noise level estimation, the bandwidth of the signal was assumed to be 6 kHz, which 

was also apparent in the FFT plots of the call and response signals.  Finally the call and 

response plots consistently produced a response delay time of 1268 samples, or about 

0.05 seconds.  This value was used in the simulation to offset the time of the beginning of 

the transponder response from the time of arrival of the REMUS call to the transponders 

and as a response offset time in the hardware implementation discussed later. 
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Figure 5.  Examination of Call and Response with FFT Plot 

 

 In addition to an examination of the amplitude spectrum of the call and response, 

an examination of the phase of the signals was also undertaken to confirm the assumption 

that the signal being used was sinusoidal.  Looking at the phase plots of both the call and 

response in Figure 6, both signals demonstrate a phase that clearly varies linearly with 

time, which is indicative of a sinusoidal pulse [23].  Because the phase varies linearly 

with time, determining the direction of arrival of the signal with an USBL, as described 

in this thesis, is possible. 
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Figure 6.  Examination of Call and Response with Phase plot. 

 

 Recordings of the REMUS communicating with transponder A, C and D were all 

subjected to similar inspection.  Each call and response pair yielded very similar results, 

with the signals centered around 23 kHz.  Also, all three sets of recordings were 

integrated into the simulation discussed later in this document. 

 

2.4.  Signal Processing 

 A brief discussion of the signal processing required for analyzing the signals 

present in the REMUS 100 LBL system will be given here.  The USBL system presented 

in this thesis is designed to convert the raw voltages seen at the outputs of the 

hydrophones of the USBL array into digital values.  This is accomplished using an analog 

to digital converter (ADC).  Once digitized, these values are band pass filtered and 

Hilbert transformed to produce an analytic representation of the signal.  The filtering 

process is a discrete convolution of the digitized data with the designed filter.  The band 
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pass filter used in the final design was a finite impulse response bandpass Equiripple 

filter.  Further information on filter coefficient calculation can be found in the literature 

[22] and is beyond the scope of this discussion. 

 Equation (2.2) presents the phase shift caused by the Hilbert Transform (σH(ω)) 

[22], 

 

       
        

  

          

       
       
       

 . (2.2)  

 As indicated by equation (2.2) the Hilbert transform shifts the phase of all signals 

with negative frequencies forward by 90° and all signals with positive frequency back by 

90°.  Once a signal has been Hilbert transformed it can be added back to the original 

signal as an imaginary component.  This yields an analytic representation of the signal, 

which is essentially a phasor.  Using a phasor representation of signals allows for the 

difference in phase between said signals to be calculated easily.  This quality was utilized 

by the proposed system and the associated calculations will be presented in the 

processing simulation section (Section 6.2). 

The Hilbert transform portion of the process can be completed a number of ways.  

A Hilbert Transformer can be designed and convolved with incoming data.  Designing 

this sort of filter is very similar to the design of the band pass filter discussed above.  For 

this thesis the built in MATLAB Hilbert function was used.  The MATLAB Hilbert 

function works by developing the fast Fouier Transform (FFT) of the selected signal and 

multiplying the components associated with negative frequencies by 0 and positive 
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frequencies by 2.  The MATLAB Hilbert function then inverse fast Fouier Transforms 

(IFFT) the data and then returns it [34]. 
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3.  LITERATURE SURVEY 

 This review into the state of the acoustic positioning field was undertaken to 

establish the unique nature of the system purposed in this thesis. A secondary objective 

was to gauge where this type of system would fit in the field.  This investigation suggests 

that the system proposed here is a novel one and represents a potential contribution to 

existing knowledge and practice. 

3.1. Related Published Research 

Acoustic Positioning Using a Tetrahedral Ultrashort Baseline Array of an Acoustic 

Modem Source Transmitting Frequency-Hopped Sequences [11] 

  In this journal article the creation of a novel USBL acoustic positioning system, 

which incorporates several of the latest developments in the field of acoustic positioning 

into one system, is discussed. Specifically the USBL array is a tetrahedral one which 

detects a known portion of an acoustic communication sequence to estimate the direction 

of arrival of an incoming data packet.  The position estimate is based on a maximum 

likelihood estimation technique.  The positioning system is transparent to the acoustic 

communication system and therefore doesn't necessitate the use of any extra bandwidth.  

The end result is a USBL system with a very small footprint and a high degree of 

accuracy.  The article has a detailed description of the signal examined to create the 

direction of arrival estimation and how this signal informed the design of the USBL array.  
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The shortest baseline is limited to being no longer than half the length of the shortest 

wave length used in the signaling scheme.  This limitation is also present in the system 

that is presented in this thesis.  The article then goes on to discuss the bearing angle 

estimation calculations used, which also mirror those described later in this document.  

The authors then discuss the range estimation portion of the positioning process.  The 

interrogation time is derived from GPS time and the arrival time is calculated using a 

maximum likelihood estimation technique.  This sort of estimation could be adapted to 

work with the system described in this thesis and could be considered as an avenue for 

improvement. 

 The next section discusses the theoretical accuracy of the system and presents a 

mathematical description of the variance of bearing angle estimation of the system.  

Much of this section is based on the work done by Quazi and Lerro [15].  A similar 

discussion of the range estimation is also undertaken.  Finally the resultant positioning 

error is discussed.  Then the authors go on to describe the experimental testing procedure 

they used to test the system.  They used a semi-automated testing system to automatically 

reposition the USBL in a test tank in order to create a very large number of sample 

positions.  The test tank was constructed from plywood, which was then covered in 

fiberglass.  The authors then describe the realized USBL array and its composition.  

Along with a description of the USBL, is a discussion of the practical issues that cause its 

performance to deviate from the theoretical.  The authors conclude that a small foot print 

USBL APS can be an effective source for positioning information if a large enough 

number of pulses are examined, with the results of the test improving as more of the 
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communication signal is analyzed. 

  This paper provides a great deal of insight into how a USBL system can be both 

modeled and tested.  As a part of future research it would be of great utility to pursue the 

same sort of mathematical examination of the FAU USBL configuration proposed below. 

Motion-Compensated Acoustic Positioning in Very Shallow Waters Using Spread-

Spectrum Signaling and a Tetrahedral Ultrashort Baseline Array [14] 

 In this article the authors examine an ultrashort baseline acoustic positioning 

system that was developed at Florida Atlantic University.  The USBL APS in question 

incorporates several different motion compensation techniques to increase the accuracy 

of the positioning equipment.  A magnetic sensor, angular rate sensor, gravity sensor and 

differential global positioning system were all utilized in the design. Additionally, the 

system being examined uses a component of acoustic communications messages as the 

USBL’s ranging signal.  Utilizing part of a typical acoustic communication system’s 

signaling sequence allows the USBL to function without requiring any extra bandwidth 

or taking up communication time. 

 As the USBL is attached to a ship, its orientation is directly affected by the roll, 

pitch and heading of the vessel.  In turn, these positional components must be 

compensated for to acquire an accurate source position.  An integration of gyroscope data 

can provide the vessel orientation, but this data will accumulate any bias in the gyroscope 

output over time.  DGPS’s have a certain degree of noise associated with their function.  

Accelerometers also function with a degree of bias.  The designers of the system 

examined in this article used Kalman filters to deal with these noise issues.  Finally the 
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relative orientation of the USBL and position sensors had to be considered.  The authors 

also discuss the math associated with quantifying this offset and incorporating the offset 

from the final source position estimate. 

 To test their scheme the investigators designed a kayak with the USBL, DGPS and 

an inertial motion unit mounted on it.  All of these components were mounted to a PVC 

member that extended both into and above the water at the back of the kayak.  This 

experimental unit was then tested in the FAU Seatech marina.  The test involved testing 

the unit in a number of operating states, to quantify the error levels of the positioning 

system.  A range error of 5.96% was the final result of the testing.  In the final analysis, 

the system is an improvement upon a standard USBL system and performs well in a 

shallow and noisy environment, allowing it to stand out from its commercially available 

counter parts.  The designers were able to develop a system that incorporated a low cost 

design, portability and a high degree of accuracy.  The authors also conclude that system 

performance could be further improved with sensor calibration. 

 This paper details the sort of augmentation of the USBL system that will need to 

be undertaken to compensate for the movement of the deploying platform.  The relative 

position of the REMUS to the USBL array is meaningless without the integration of some 

of the sensor data discussed in this paper.  In fact, the final hardware implementation of 

the system proposed in this thesis also included a digital compass and GPS receiver.  It 

may be possible to apply some of the filtering techniques described in the article to the 

system developed for this thesis. 

Acoustic Positioning Systems, New Concepts – The Future, Keith Vickery, 
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Sonardyne, Inc. [12] 

  Keith Vickery of Sonardyne, Inc. sets out to describe the new trends in acoustic 

positioning and also discusses the acoustic positioning market.  Written in 2000, the 

introduction states that the eventual goal of the acoustic positioning development 

community is “a system that works to full ocean depth with an absolute positioning 

accuracy of <3m and is simple to use.”  The author then proceeds to discuss what trends 

are leading the industry in that direction.  In the section titled “Recent Development 

Trends” the author discusses the most recent developments in the industry.  One trend is 

system integration, where different technologies are being combined into single 

positioning systems. For example, a positioning system could use a combination of 

USBL and LBL positioning estimations simultaneously.  Such systems should provide 

better results due to observational redundancy.  The author then goes on to discuss the 

topic of inverting.  Inverting a positioning system involves placing the components of the 

system that had been typically placed on the platform vessel on the underwater vehicle, 

including AUVs and tow-fish.  The author also discusses the plausibility of using an 

inverted LBL system, where the LBL transponders are co-located with GPS receivers.  

Instead of the LBL transponders being placed permanently in a single know location, the 

LBL transponders reply with their updated positions when interrogated.  The author also 

discusses towed versions of these sorts of systems. The author then goes on to discuss 

more incremental developments in the field, including:  spread-spectrum ranging 

techniques, beam steering, null steering, adaptive noise canceling, acoustic baffles and 

reducing calibration times.  The author then concludes the article with a spread sheet 
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outlining the acoustic positioning market.  Also, Vickery further examines the state of the 

acoustic positioning field and presents a backward looking complement to this paper in 

[12] “Acoustic positioning systems, a practical overview of current systems” [25]. 

 Vickery provides a good snapshot of the state of the industry, but does not discuss 

the sort of decoupled positioning system discussed in this paper.  This reinforces the 

notion that the system described in this paper is a novel one and provides a contribution 

to the field. 

A method of Navigation using a Modified Ultrashort Base Line Directional Acoustic 

Transponder [13] 

  In this paper McManus discusses a variant of the inverted system mentioned in 

the previously summarized Vickery article.  The acoustic positioning system described is 

a transponder configuration that contains a USBL array that allows for the calculation of 

the direction of arrival of interrogation signals to said transponder.  Once the transponder 

has calculated the direction of arrival of the incoming interrogation it responds with this 

information, which is conveyed as a modem message.  The transponder USBL 

combination can be located on a surface platform, on a UUV or used as a navigation 

beacon.  He then goes on to describe the system in detail, discussing the signal processing 

used in the detection process and giving a physical description of the system.  The author 

also discusses the limitations of the hardware used in the system and the calibration 

techniques used to mitigate these limitations.  This paper serves as a good discussion of 

the wide ranging applications of USBL arrays in positioning systems. 

 



23 

 

3.2. Commercially Available Products 

 Preliminary research indicated there are a number of companies offering Ranger-

USBL positioning systems.  They will be briefly discussed in this section. 

 IXSEA offers two different USBL based positioning systems.  The first is an all in 

one GPS, ranging, inertial motion unit (IMU) and USBL system called GAPS [30].  

GAPS can be deployed via crane over the side of the platform vessel and is designed for 

quick deployment.  It has a range of 4000 meters and a stated accuracy of 0.2% of slant 

range. The second is the POSIDONIA system.  It is designed to be used with IXSEA's 

OCEANO transponders.  Unlike the GAPS system, the POSIDONIA is a single 

component solution, which does not include GPS or and IMU.  The POSIDONIA unit has 

a range of 8000 meters and a stated accuracy of 0.3% of slant range [7]. 

 LinkQuest offers three versions of its TrackLink acoustic tracking and 

communications system.  The three versions are the 1500, 5000 and 10000 series and 

they differ in range and accuracy.  The TrackLink products do not include a GPS or IMU, 

but do serve the dual purpose of tracking system and acoustic modem.  Each of the 

TrackLink systems is designed to be permanently installed on the platform vessel and do 

not require a deck unit, as they are designed for direct interfacing to a PC [8]. 

 EdgeTech offers the USBL Broadband Acoustic Tracking System (BATS) and a 

portable version of the BATS system.  The BATS system is strictly a tracking system and 

is supplied with positioning software [9]. 

 Sonardyne offers three different systems: the RANGER 2 USBL, RANGER 1 
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USBL and the SCOUT USBL.  Each of the systems is designed for vessel mounting and 

can interact with a wide range of transponders.  They are all designed to work with 

software that integrates acoustic positioning data with GPS and IMU data [10]. 

 In each case these systems are USBL-Ranger systems with a Ranger physically 

coupled with a USBL positioning system.  This differs from what will be presented 

below; in that the range of the body being tracked will be directly known from the range 

obtained from the ranger.  It is also worth noting that it may be possible to passively track 

the body being tracked by one of these systems with a configuration similar to the one 

proposed below. 

 Finally, Thomson and Elson [29] presents Nautronix's signaling scheme, which 

can be used with LBL, SBL and USBL based positioning systems and reduces noise 

related inaccuracy.   

 In addition to a review of commercially available products, a patent search was 

also undertaken.  There were no patents found that discussed the use of a decoupled 

USBL Ranger tracking configuration and nothing similar to the system described in this 

thesis. 
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4.  LBL-USBL BASED POSITIONING SYSTEM 

 This section discusses two possible configurations of the FAU USBL and the 

REMUS LBL APS, which could potentially yield an improved positioning system for use 

with the REMUS 100.  The emphasis of this thesis was on the development of a 

decoupled system, so that the ranger-USBL configuration receives only a brief 

discussion. 

 

4.1. Ranger-USBL and Decoupled LBL-USBL State Machines 

 As with the commercially available systems discussed above, it may be possible 

to couple the FAU USBL with the REMUS ranger to produce a ranger-USBL based 

positioning system.  In this type of implementation, the REMUS ranger and the FAU 

USBL would be positioned next to each other, allowing the FAU USBL to estimate a 

range to the REMUS and also calculate the direction of arrival of the REMUS response.  

With these two quantities a relative position can be calculated.  This configuration has the 

benefit of having a simplified detection algorithm compared to the decoupled system and 

yields direct range estimates. It may be useful to implement such a configuration, if the 

goal is to simply come up with a better tracking system for the REMUS.  The state 

machine for such a configuration is presented in Figure 7. 
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Figure 7.  State Machine for Coupled Ranger-USBL Configuration. 

 

 The Ranger detection may be done one of two ways.  The Ranger interrogation 

could be detected acoustically or electronically by the USBL.  If the Ranger detection 

were done acoustically then the detection would be done in the same manner as the 

detection of the response.  A much higher amplitude signal would be expected though, 

due to the proximity of the USBL to the Ranger.  With the USBL and the Ranger 

physically coupled, it may also be possible to tie the ranger circuitry directly to the USBL 

rather than looking for an acoustic pulse via the USBL array.  This may increase the 

accuracy of the system as the ambiguity associated with the Ranger signal detection 

would be eliminated.  This would bring the proposed system in line with what is 
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commercially available. 

 The goal of this thesis is to expand on this already established technique and 

construct a decoupled LBL-USBL system.  Instead of using the REMUS ranger signal 

and REMUS response as the basis of the tracking system, the proposed algorithm relies 

on the REMUS and REMUS LBL transponder signals.  The REMUS and REMUS LBL 

transponder signals provide a relative range and direction of arrival quantity, which can 

then be used to track the REMUS’s position passively.  These values can be determined 

by processing the REMUS range message to the LBL transponders in its field of 

operation.  Figure 8 presents the expanded state machine. 

 

Figure 8.  State Machine for LBL-USBL Configuration. 
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 The algorithm presented in Figure 8 differs from the algorithm presented in Figure 

7 in that it calculates the direction of arrival of the interrogation signal from the REMUS, 

as well as the direction of arrival of the response of the LBL beacon.  The second 

algorithm also relies completely on acoustic signal detections for timing purposes and 

develops a relative range quantity (rRR) by comparing the signal detection times of the 

call and response.  The position estimation can be done in embedded USBL electronics or 

the raw data can be passed up to an interfaced computer to calculate the position 

estimation.  In the final implementation of the system presented later, the position 

estimation was done by post processing scripts. The mathematics behind the position 

estimations are presented in the simulation section (section 6.2). 

 

4.2. LBL-USBL Position Estimation 

 It is not necessary to use information from more than one transponder in the LBL 

array when calculating the REMUS's position.  As such, the calculation of the REMUS's 

position in this section will be described with only one transponder present. 

 Figure 9 presents a potential field layout of the USBL (U), REMUS (R) and a 

single LBL Transponder (T).  For the sake of simplicity, only the X-Y plane is 

represented in Figure 9.  The next section will discuss expanding the solution to a third 

dimension.  The positions of the transponder and the USBL are both assumed to be 

known.  The position of the REMUS is unknown.  All of the timing quantities associated 

with the system are displayed in Figure 9.  Timing quantities are directly related to range 

values by the speed of sound in the field of operation.  The USBL provides the relative 
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range of the REMUS to the transponder it is interrogating, based on the detection time 

differences measured at the USBL (τ1).  If we also know the direction of arrival of the 

signals from the transponder and the REMUS, we can estimate the position of the 

REMUS.  The mathematical formulations associated with this estimation are presented 

after Figure 9. 

 

Figure 9. Potential Field Geometry. 

 

 The following equations utilize the dimensions presented in Figure 9.  The 

response delay quantity, discussed in the background section, has been omitted from the 

following equations to improve readability.   
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 The unknown quantity the system is designed to determine is the range of the 

REMUS to the USBL (rRU).  To reiterate, the range of the USBL to the transponder (cτTU) 

is known, therefore the signal travel time between the USBL and the transponder (τTU) is 

known.  Typically the position of the USBL and the LBL transponder will be determined 

by a GPS unit.  Additionally, the USBL determines the direction of arrival of the REMUS 

signal (θRU), the transponder signal (θTU) and the difference in time of arrival of both 

signals (τ1). 

 Equation (4.1) presents the relationship between the USBL observed difference in 

time of arrival of the REMUS interrogation and the transponder response signals to the 

other acoustic travel times of the system, 

               . (4.1)  

 Multiplying equation (4.1) by the speed of sound gives us the relationship of the 

path lengths of the contributing acoustic signals.  The speed of sound is assumed to be 

constant in the field of operation. 

 The direction of arrival (DOA) information supplied by the USBL is also utilized 

in the range calculation, which is dependent on the difference in DOA angles of the 

REMUS and transponder.  In the two-dimensional case only the azimuthal direction of 

arrival data is utilized.  The difference in the direction of arrival of each of the signals (θ1) 

is found using equation (4.2), 

           . (4.2)  

 Using the law of cosines, we find equation (4.3), which defines the relationship 
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between the three distinct range values of the system.  This relationship can be simplified 

to be based on the signal travel times, as they are linearly related to the range values 

included in equation (4.3).  This simplified relationship is presented in equation (4.4), 

       
        

        
                   , (4.3)  

     
     

     
                 . (4.4)  

 We now have two equations and only two quantities that remain unknown: τRT and 

τRU.  Solving for τRU algebraically using equations (4.1) and (4.4), the REMUS to USBL 

travel time is found in equation (4.5), 

     
    

           
 

                    
. (4.5)  

 

 We can once again convert signal travel time quantities back into range values by 

scaling the travel time using the speed of sound.  Equation (4.6) presents the REMUS to 

USBL range estimation (rRU), 

          
      

             
 

                        
. (4.6)  

  Combining the result of equation (4.6) with the REMUS signal DOA value 

supplied by the USBL constitutes a relative position of the REMUS to the USBL.   This 

solution has been presented as a two-dimensional solution and the depths of the USBL, 

REMUS and transponder were all assumed to be equal here.  Assuming the depths of the 

three components to be equal is a good approximation of a shallow water environment 

though, as the horizontal range is orders of magnitudes greater than the vertical range.  

That said, this solution holds for three dimensions and vertical DOA data can be 
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integrated into the solution.  As such, the application of this solution to a three-

dimensional field of operation is discussed in the next section.   

 

4.3. Three-dimensional Solution 

  It is possible to extend the technique described in the previous section to include 

information from the vertical baseline of the USBL.  This is not of great importance in a 

shallow water environment, but should be explored to help generalize the technique for 

use in deeper water.  In the two-dimensional formulation, presented in the previous 

section, only the azimuthal information provided by the USBL was considered. A three-

dimensional solution must also integrate elevation information.  Figure 10 depicts a 

geometric configuration of the transponder, REMUS and USBL. 

 

Figure 10. Potential 3D Field Geometry. 
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 The same timing sequence seen in the two-dimensional solution is still present, 

but is no longer confined to the X-Y plane.  The effect of both the azimuthal and 

elevation DOA information, supplied by the USBL, must now be accounted for.  The 

quantity from the earlier section that is affected by the integration of the elevation data is 

the difference in DOA of the REMUS and transponder signals (θ1).  Figure 11 presents 

the basis for formulating a three-dimensional version this quantity (θ1), which is referred 

to in this figure as θ1_3D. 

 

Figure 11. Direction of Arrival Diagram. 

 

 The first step in finding the difference in DOA of the REMUS and transponder 

signals (θ1_3D) is creating two vectors (                       and 

                      ) using a spherical coordinate system, that point in the direction 
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of the signal sources. 

From here we can use a spherical to Cartesian transformation to find the Cartesian 

form of the vectors.  These two vectors are presented in equations (4.7) and (4.8), 

 

    

                        

                           

              
 , (4.7)  

 

    

                        

                           

              
 . (4.8)  

 At this point we have two vectors defined in Cartesian form.  The angle between 

the vectors produced using equations (4.7) and (4.8) can then be calculated using 

equation (4.9), 

             
     

        
 . (4.9)  

 Substituting this new three-dimensional difference in DOA angle (θ1_3D) back into 

formula (4.6), from the previous section, for the two-dimensional difference in DOA 

angle (θ1) allows us to create a new range estimation equation, shown here as equation 

(4.10).  All the other quantities from equation (4.6) remain unchanged, as they are 

independent of elevation data, 

          
      

             
 

                           
. (4.10)  

 

 Other than the three-dimensional differences in DOA quantity (θ1_3D) all other 

quantities from the two-dimensional solution hold.  While integrating the elevation 



35 

 

information supplied by the USBL may not result in a large change in the performance of 

the system when deployed in a shallow water environment, it would be a critical part of 

the systems range estimation when used in deep water environments. 

 

4.4. Additional Considerations 

 At this point it is convenient to discuss some of the factors that could be 

considered further in future implementations of the proposed system.  First, the sound 

speed was assumed to be constant in the field of operation.  Expanding the equations 

above to account for varying sound speed in the field of operation could be examined.  

Also, it may be possible to complete this type of range estimation with all of the 

transponders used in the LBL field.  If multiple transponders in the LBL field can be seen 

by the USBL, then repeating the estimation process with each of them would provide 

error checking and allow for the exclusion of results that have poor field geometries.  To 

do this, the USBL system would need to have an expanded algorithm that determined the 

transponder being interrogated.  This could be accomplished by matching the direction of 

arrival of the response signals to the known transponder locations.  It is also important to 

consider the directivity of the USBL array though, as only transponders within 

approximately π/4 radians of the center-line of the USBL would be able to be detected.  

Due to the directivity of the USBL it may not be feasible for multiple transponders to be 

seen by the USBL array at the same time.  An investigation into expanding the approach 

detailed above will be left to future work.  Also, the directivity of the USBL and related 

issues are discussed further in the simulation section. 



36 

5.  MEASUREMENT UNCERTAINTY 

 This section will discuss the sources of error inherent to the proposed tracking 

scheme.  Each source will be discussed in the first section and then a qualitative analysis 

of each source's affect will be presented in the second section. 

 

5.1. Sources of Error 

Both the beacon and USBL positions are provided by GPS.  As such there is an 

error in their presumed positions.  In the following equations T' ([Tx', Ty', Tz']) and U' 

([Ux', Uy', Uz']) are the apparent positions, T ([Tx, Ty, Tz]) and U ([Ux, Uy, Uz]) are the 

actual positions and ΔT and ΔU are the associated positioning error quantities.  Equations 

(5.1) and (5.2) define how the apparent position is a combination of the true position and 

the error in position, 

        , (5.1)  

        . (5.2)  

 The apparent beacon position also differs from the actual position by a quantity 

associated with the beacon's movement underwater.  The range of movement of the 

beacon is commonly called a watch circle.  This magnitude is also added to the actual 

position in equation (5.3) as ΔW, 
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           . (5.3)  

  Plugging these observed values into the travel time equation from before we find 

the assumed transponder to USBL travel time (τTU'): 

 

     
    

    
       

    
       

    
   

 
. 

(5.4)  

 A difference in time of arrival error is also present in the observed time of 

detection difference (τ1) quantity discussed earlier.  In equation (5.5), τ1' is the observed 

time difference, τ1 is the actual time difference and Δτ1 is the associated error,  

   
        . (5.5)  

 There is also an error associated with the direction of arrival estimations made by 

the USBL.  In equation (5.6), θ1' is the observed direction of arrival difference, θ1 is the 

actual direction of arrival difference and Δθ1 is the error in the observed quantity, 

   
       . (5.6)  

 Finally, the difference in the assumed sound velocity and the actual sound velocity 

is a potential source of error.  In equation (5.7) c' is the assumed sound velocity, c is the 

actual sound velocity and Δc is the error in assumed sound velocity.  The assumed sound 

velocity in the ocean is typically 1500 m/s [2], in the absence of CTD data.  The range 

estimation error associated with this assumption will also be examined, 

        . (5.7)  

  The error associated with each of the quantities discussed above is reflected in an 
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updated version of the range equation presented in previous section.  Equation (5.8) 

includes all discussed error inclusive quantities: 

      
                         

                              
. (5.8)  

 Equation (5.8) will be directly examined in the next section and then empirically 

examined in the simulation section. 

 

5.2. Effect of Measurement Error on Range Estimation 

  Each of the error quantities presented above (ΔT, ΔU, ΔW, Δτ1, Δθ1 and Δc) was 

varied to produce the figures presented in this section.  These figures present the 

opportunity to compare the impact of each source of error and qualitatively suggest 

which error source dominates.  To produce these plots the actual field values were 

directly calculated (θ1, τ1, τTU and c) and then altered to reflect the error quantity being 

examined. 

The figures are plots of a theoretical LBL field with the X and Y axis set to be 

arbitrary orthogonal axes, with meters as the unit of measure.  In each plot, the USBL 

was set to be positioned at the origin.  The position of the transponder was set so that the 

range of the transponder to the USBL (rTU) was 1010 meters along the Y axis.  As such, 

the angle of the transponder to the center-line of the USBL (θTU) was zero.  The position 

of the REMUS varied such that the REMUS was placed at an angle of -
π
/2 to 

π
/2 radians 

from the center-line of the USBL.  The REMUS's range (rRU) also varied between 10 and 

1000 meters out from the position of the USBL.  Every apparent position (which differed 

from the actual position due to an included error quantity) was then used to produce a 
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range estimation.  Each plot was set to reflect the difference between the range estimation 

and the actual range using a color bar, with a range of zero to fifty meters.  When this 

difference was greater than fifty meters the position was not plotted.  Equation (5.9) 

defines this difference as ΔrRU,  

                . (5.9)  

 The magnitudes seen in the figures presented in the remainder of this chapter are 

produced using equation (5.9).  At each plotted position, the calculated error quantity is 

displayed.  In the first four figures (Figure 12 to 15), only one input quantity to equation 

(5.8) has an error quantity added to it and all other quantities were left error free.   

Additional plots with further error quantity magnitude variations can be found in 

Appendix 11.5.  The error analysis was also done with a shallow water operating 

environment in mind.  As such, all of the results are presented in a top down view of the 

X-Y plane. 

 First, the effect of the quantities ΔU, ΔT and ΔW were examined.  The error 

contribution of ΔU, ΔT and ΔW were set to contribute a total error of five meters in the 

plot presented below.  The contribution of each of these quantities was combined in this 

error analysis, as the effect of these quantities is strictly dependent on their sum 

 All the other quantities contributing to the range estimation were assumed to be 

error free (θ1’ = θ1, τ1’ = τ1 and c’ = c).  Assuming that these error quantities when 

summed are approximately equal to five meters is reasonable, when considering the 

accuracy of GPS's and assuming a very low watch circle value. 
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Figure 12.  Effect of GPS and Watch Circle Error (ΔU+ΔT+ΔW = 5 m) on Range 

Estimations 

 

 The resultant plot indicates that the effect of these error quantities is minimal 

when the REMUS is within low angles of the center-line of the USBL.  When the 

REMUS is located farther away from the center-line of the USBL, the effect of these 

sources of error becomes more pronounced.  Also, it can be seen that the error quantity 

has a larger effect at larger range values. 

 The next plot displays the effect of a detection timing error in the estimation of the 

range of the REMUS to the USBL.  Timing errors contribute to the inaccuracy of the 

quantity τ1' discussed in the previous section.  In Figure 13 the timing error was assumed 

to be 0.005 seconds (Δτ1 = 0.005 (sec)) which is reasonable considering the size of the 

window used to look for signals in the DSP.  Again, all the other quantities contributing to 

the range estimation were assumed to be error free (θ1’= θ1, c’=c and τTU'= τTU). 
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Figure 13.  Effect of Detection Timing Error (Δτ1 = 0.005 (sec) ) on Range Estimations 

 

 Again, the resultant plot indicates that the effect of these error quantities is 

minimal when the REMUS is within low angles of the center-line of the USBL.  When 

the REMUS is located farther away from the center-line of the USBL, the effect of these 

sources of error becomes much more pronounced.  Also, it can be seen that the error 

quantity has a larger effect at larger range values. 

 Figure 14 presents the effect of a direction of arrival error quantity (Δθ1).  This 

error quantity was set to two degrees (Δθ1 = 2°).  Again, all the other quantities 

contributing to the range estimation were assumed to be error free (c’= c, τTU’= τTU and 

τ1’= τ1).  This is a reasonable assumption considering the accuracy of digital compasses 

available and stated USBL performance.   
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Figure 14.  Effect of Direction of Arrival Error (Δθ1 = 2º) on Range Estimations 

 

 The resultant plot indicates that the effect of the direction of arrival error quantity 

(Δθ1) is much larger than the position related error quantities and timing quantity 

examined in the previous two plots.  When the REMUS is within low angles of the 

center-line of the USBL, the resultant error quantity is low.  When the REMUS is located 

farther away from the center-line of the USBL, the effect of this source of error becomes 

much more pronounced.  Once again, it can be seen that the error quantity is larger at 

larger range values. 

 The next figure presents the effect of an error in the assumed sound velocity (Δc) 

in the field of operation of the REMUS.  For the purpose of Figure 15 the c’ was set to be 

twenty meters per second slower than c, so that Δc = -20 (m/s).  Again, all the other 

quantities contributing to the range estimation were assumed to be error free (θ1’ = θ1, 

τTU’= τTU and τ1’= τ1). 
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Figure 15.  Effect of Assumed Sound Velocity Error (Δc = -20 (m/s) ) on Range 

Estimations 

 

Unlike the previously examined sources of error, the magnitude of the error is 

strictly dependent on range of the REMUS to the USBL and does not depend on the angle 

of the REMUS to the center-line of the USBL.  With the error quantity set to twenty 

meters per second the magnitude of the error is relatively small throughout the operating 

area. In shallow water operating environments, this error quantity should be able to be 

easily controlled with CTD measurements. 

Finally, Figure 16 presents a composite of all of the calculated error values (ΔrRU) 

presented in Figures 12 through 15, where the error values’ magnitudes are as before:  

Δθ1 = 2°,  ΔT+ΔU+ΔW = 5 (m), Δτ1 = 0.005 (sec) and Δc = -20 (m/s).  
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Figure 16.  Effect of Composite Error on Range Estimations 

 

Figure 16 presents a worst case scenario where the effect of each of the error 

quantities is additive.  In the unlikely event that each of the error quantities is 

simultaneously present and of the magnitude presented above, the area where a position 

estimation error below fifty meters is obtained is greatly reduced.  Once again, the region 

near the center-line of the USBL is the most resistant area of the field to the effect of the 

discussed error quantities. 

5.3. Conclusion 

 In an effort to quantify what had been to this point a qualitative discussion of the 

affect of the different sources of error Table 1 was created.  The data presented in Figures 

12 through 16 had the error quantity ranges seen in Table 1. 
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Table 1.  Range Estimation Error Due to Error Quantities Statistics. 

Quantity Δθ1 ΔT+ΔU+ΔW Δτ1 Δc Composite 

Value 2° 5 (m) 0.005 (s) -20 (m/s)  

Mean Error (m) 18.11  9.05 7.50 6.78 41.44 

Min Error (m) 0.01 5 3.75 0.41 9.16 

Max Error (m) 91.30 29.20  24.93 13.51 158.94 

 

 This table and its associated plots suggest that the most important source of error 

to control is the difference in direction of arrival quantity (θ1’).  They also suggest that 

the accuracy of the system will greatly decrease if the REMUS is located at a large 

azimuthal angle.  It is additionally important to note that the magnitude of the timing and 

direction of arrival errors will probably not remain constant with range as presented in the 

plots above.  It is more likely that they will increase with range and angle from the 

center-line of the USBL.  As such, they will have an even larger impact on the error 

magnitude seen in real world measurements using the proposed system.  A more complex 

analysis was done using a simulation model, which will be discussed in the simulation 

section.  These plots do provide a good starting point for examining sources of error and 

their affect on the accuracy of the system presented here. 
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6.  SIMULATION 

 USBL systems rely on acoustic signals in an underwater environment in order to 

operate.  A number of acoustic processes can affect the performance of a USBL.  These 

processes and their effects were considered when a simulation of the system presented in 

this thesis was created.  Included in said considerations are signal level, refraction, 

transmission loss, hydrophone directivity, multipath interference and the noise level 

present in the expected operating environment.  Each acoustic process included in the 

simulation will be described in detail in this section.  The purpose of the simulation 

presented below was twofold:  provide an estimate of the proposed USBL system's 

performance and inform the test system design.  The test system design will be presented 

later on in this document.  The simulation also indicates that certain operating procedures 

be implemented.  As such, this section concludes with a discussion of the implications of 

the simulation results with regards to potential system uses.  

 The simulation was developed in MATLAB.  The simulation was comprised of 

two main components, a signal simulation function and a signal processing function.  The 

signal simulation function produces a set of signals for the processing function to 

analyze.  The output of the signal simulation can be thought of as the raw signal seen by 

the USBL hydrophones and the processing function as a virtual digital signal processor 

that mirrors what was deployed in the test system.  Each will be described separately 

below.  
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6.1. Signal Simulation 

6.1.1. Sound Propagation 

 Testing of the configuration outlined in this thesis was planned for near shore, off 

the coast of the Fort Lauderdale area of Florida.  As such, the simulation was set to 

simulate an area of operation with a depth of twenty meters, which approximates the 

depths where the system was to be tested.  Also, sound speed was assumed to be 1500 

m/s at the surface, with a negative gradient of 0.05 (m/s)/m [23].  The signal levels of the 

REMUS and the transponders were modeled as 186 dB, per the REMUS documentation.  

With the in air recordings of the REMUS LBL system in hand (discussed earlier in the 

REMUS description section as the call and response signals, xc(t) and xr(t)) a simulation 

of the theoretical operating field was undertaken. 

 The simulation accounts for the relative location of the USBL, the REMUS and 

the transponder in the field of operation.  For time shifting purposes the acoustic travel 

time from the USBL to the REMUS, the REMUS to the transponder and the transponder 

to the USBL were all calculated.  To simulate multipath effects [5] the surface and bottom 

path lengths for each of the signals seen by the USBL were also calculated.  Only the first 

image of each source was considered, as this image would be the initial contributor to 

multipath interference and the portion of the signal used to calculate direction of arrival 

information was confined to the initial portion of the detected signals.  Figure 17 

illustrates the direct, surface and bottom paths between the REMUS and the USBL.  
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Figure 17.  Side View of Direct, Surface and Bottom Paths. 

 

 Refraction was taken into account in the simulation, with ray path lengths used to 

calculate attenuation levels and exclude nonconforming signals.  The paths in Figure 17 

are curved to imply the effects of refraction.  The equations used to calculate the ray 

lengths are presented in the Appendix 11.12.  In the final implementation, the simulation 

used an iterative process to find the launch angle (θl) of the rays that would end up 

incident upon the USBL.  This was true for the direct, surface and bottom images of each 

of the signals.  Once the acoustic path lengths (l) were calculated, they were easily 

converted into travel times (τ) by dividing by the sound speed (c).  The general case is 

presented in equation (6.1) as a path specific indexing system will be presented later, 

      . (6.1)  

Equation (6.3) represents the nonconforming signal exclusion process.  In 
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equation (6.2) h is the ray height, Zd is the water depth and P (initialized as 0) is set to 1 

for conforming signals, 

                                   . (6.2)  

 Specular reflection was not considered in the model and the sea surface was 

modeled as a perfect pressure-release boundary [5].  This indicated that the refection 

coefficient for the surface images should be negative one, presented here as equation 

(6.3), 

       . (6.3)  

 The bottom path was modeled as a sandy bottom with density 1800 kg/m
3 

(ρ2) and 

having a sound speed (c2) of 1800 m/s [2].  The density of water was assumed to be 1000 

kg/m
3 

(ρ1) and the sound speed of the water (c1) was once again assumed to be 1500 m/s.  

The angle of incidence was calculated and then a complex reflection coefficient was 

produced, where Rb is the Rayleigh reflection coefficient of the simulated bottom [16], 

 

           
           

                 
 
 

 , (6.4)  

 

     

  
  
          

  
  
 
 
         

  
  
          

  
  
 
 
         

 . (6.5)  

 This reflection coefficient was independently calculated for both the bottom path 

signal from the REMUS and the bottom path signal from the transponder. 

With the signal component path lengths calculated, each of the signal components 

were also attenuated to correspond to transmission loss.  Spreading was modeled as 
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spherical and absorption loss was also considered [2].  The value of αa was set to 2 in 

order to reflect the operating frequencies being used by the REMUS 100 LBL system [2], 

                  
      . (6.6)  

 Each of the path signals was individually attenuated with a transmission loss 

value.  This will be discussed in greater detail later in this section. 

 

6.1.2. Receiver Location 

 Due to the multi-transducer composition of the USBL array, the simulation also 

needed to account for the small variation in position of its constituent transducers and 

simulate the phase shifts associated with these differences.  The simulation takes a USBL 

origin position (USBLORIGIN) and USBL direction (θ) as input parameters.  The direction 

value used in the simulation allows the USBL to rotate about the Z-axis only.  As such, 

traducers one and two are shifted in the X-Y plane and transducers three and four are 

shifted along the Z-axis.  With these two values the simulation can then define the 

specific locations of the four USBL transducers.  The positions of the four transducers are 

formally defined by equations (6.7) through (6.10) here: 

                                               , (6.7)  

                                               , (6.8)  

                              , (6.9)  

                               . (6.10)  

 The shifting values used above are a reflection of the mechanical drawing of the 
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USBL, shown in Figure 18. 

 

Figure 18.  FAU USBL. 

 

 While these highly specific locations do not affect the time shifting parameters 

used in the simulation, they are important with regards to the phase shifting portion of the 

simulation.  The travel times from the REMUS to the individual hydrophones of USBL 

and the transponder to the individual hydrophones of the USBL needed to be calculated.  

This meant that each transducer had six acoustic path lengths that needed to be found.  As 

with the time shifting path lengths discussed earlier, the simulation used an iterative 

process to determine the rays that were incident on the USBL's individual transducers and 

their lengths.  Once again, the acoustic path lengths were converted to travel times for 

each of the transducers.  A formal representation of these quantities will be presented 

later on in this section. 
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6.1.3. Receiver Directivity 

 The directivity of the FAU USBL was also considered as part of the simulation.  

The first step in calculating the direction of arrival of the various signal components was 

to adjust the coordinates of the various simulation components to conform to the 

direction of the USBL.  That was achieved using the following mapping formulas: 

                   , (6.11)  

                     , (6.12)  

     . (6.13)  

 Once the new relative axes were established, the direction of arrival quantities of 

the various acoustic sources were calculated using the direction of arrival equations found 

in the Appendix 11.3.  Of note, a potential improvement of the simulation would involve 

replacing the equations from Appendix 11.3 with ray incidence angles calculated 

iteratively, in a process similar to that used with the ray lengths. 

 Also, Figure 43 in the Appendix 11.4 contains the directivity plot of the FAU 

USBL. This plot was turned into a linear piece wise function of the arrival angle of the 

incident signal.  Table 2 contains the arrival angle piece wise ranges and their associated 

attenuation values.  Using a case statement, each of the direction of arrival values is 

assigned an attenuation value which was then applied to its corresponding signal 

component. 
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Table 2.  Directivity Attenuation Values For Given Incidence Angle Ranges 

θDOA  :  Direction of Arrival (radians) Gain (dB) 

π/2 < θDOA   ADOA = -60 

 8π/18 < θDOA  ≤ π/2 ADOA = (-2) * 18/π * θDOA  - 12 

7π/18 < θDOA  ≤ 8π/18 ADOA = (-2) * 18/π * θDOA  - 12 

6π/18 < θDOA  ≤ 7π/18 ADOA = (-4) * 18/π * θDOA + 2 

5π/18 < θDOA  ≤ 6π/18 ADOA = (-8) * 18/π * θDOA + 26 

4π/18 < θDOA  ≤ 5π/18 ADOA = (-4) * 18/π * θDOA + 6 

3π/18 < θDOA  ≤ 4π/18 ADOA = (-2) * 18/π * θDOA - 2 

2π/18 < θDOA  ≤ 3π/18 ADOA = (-2) * 18/π * θDOA - 2 

π/18 < θDOA  ≤ 2π/18 ADOA = (-4) * 18/π * θDOA + 2 

0 < θDOA  ≤ π/18 ADOA = (-2) * 18/π * θDOA 

 

6.1.4. Field Geometry and Received Signals 

 In addition to considering various acoustic effects, the field geometry of the 

REMUS operating in a LBL also had to be considered to produce a representative output. 

 

Figure 19.  Tested Field Geometries. 
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 Figure 19 indicates that the REMUS component of the signal will be delayed an 

amount consistent with the travel time along the segment between the REMUS and the 

USBL.  Additionally, the transponder signal would then be delayed by the amount of time 

corresponding to the travel time between the REMUS and the transponder (τRT) and the 

transponder and the USBL.  Finally the simulation also had to account for the signal 

delay found in the in air recordings (0.05 seconds), discussed in the background section.  

This delay is represented by τdelay below. 

 With a general description of each of the considered acoustic processes present in 

the simulation given above, this section will now discuss how each of these processes 

was integrated into the simulation. 

 After the determination of the travel times of each the contributing signals' path 

lengths, a master signal array was created (Smaster[I]) which contain appropriately scaled 

copies of the REMUS call (xc(t)) and transponder response (xr(t)) recordings placed in the 

corresponding portion of their respective array rows to simulate the multipath 

environment.  It is also of note that each of the recordings (xc(t) and xr(t))  was a complex 

representation of the recorded signal. 

Therefore, the output of this process was also a complex signal.  The master signal 

array contained six rows which housed each of the appropriately shifted individual signal 

components.  The first row contained the direct REMUS signal (I = RUd).  The second 

row contained the REMUS surface image (I = RUs).  The third row contained the 

REMUS bottom image (I = RUb).  The forth row contained the direct transponder signal 

(I = TUd).  The fifth row contained the transponder surface image (I = TUs).  Finally, the 

sixth row contained the transponder bottom image (I = TUb).  The index convention used 
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here indicates the signal source and receiver with the first two capital letters and the path 

with the third, lower case letter.   The letter R indicates the REMUS, T indicates the 

transponder and U indicates the USBL.  Also, the letter d indicates the direct path, s 

indicates the surface path and b indicates the bottom path.  This convention will be 

carried forward throughout the remainder of this section.  Figure 20 presents the master 

simulation signal array creation process.     

 

Figure 20.  Master Simulation Signal Array Creation. 

 



56 

 As discussed before, the level of scaling was dependent on the transmission loss, 

directivity of the USBL and, in the case of the surface and bottom images, boundary 

interactions.  Equation (6.14) presents the generalized scaling calculation.  The value aXXx 

is the scaling value associated with the six possible path lengths (RUd, RUs, RUb, TUd, 

TUs and TUb).  Also, the value Rx, is the refection coefficient associated with each of the 

six path lengths and P is the path length possibility coefficient.  The reflection coefficient 

was set to one for the direct path signals, negative one for the surface path signals and the 

Raleigh reflection coefficient (Rb), discussed above, for the bottom path signals. 

 
           

 
          

  
 
. (6.14)  

 The next step in the simulation was to apply a phase shift quantity specific to each 

of the individual transducers of the USBL array.  Figure 21 presents the portion of this 

process that produces the signal seen at the first transducer of the USBL array.  The arrow 

indicates that the process is continued for each of the other three channels.  A complete 

diagram can be found in Appendix 11.7. 
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Figure 21.  Simulation Phase Shifting Diagram. 

 

 Each of the transducer specific travel times, as discussed earlier, were calculated 

for the six signal paths considered in the simulation.  These signal specific travel times 

were then used to formulate the phase shift for each of the signal components.  This 

process was repeated four times for the four transducers of the USBL array.  In total, 

there were twenty four signal phase shift operations for each signal simulation.  The 

phase shift was accomplished as shown in equation (6.15).  The frequency value (ƒc) used 

in equation (6.15) corresponded to the frequency value discovered in the investigation of 

the REMUS call and transponder response recordings, discussed in the background 

section.  The τXXxn value seen in equation (6.15) is the travel time associated with each 

signal incident on the four individual hydrophones of the USBL array, 

   
                           . (6.15)  

6.1.5. Additive Noise 

 The last step in the signal creation process was adding noise to the individual 

transducer signals.  Simulated noise was added to each transducer's composite signal 
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(Sn'(t)).  Noise was assumed to be 40 
dB

/Hz, per the literature [3] and a bandwidth of six 

kHz was assumed per the examination of the LBL signals, discussed in the background 

section.  The directivity index (DI) of the array was calculated using the values shown in 

Table 2 and taken into account when scaling the noise signals.  To generate the noise 

signal, white Gaussian noise was generated, given a random phase and then filtered with 

a band pass filter, to fit the band width of the LBL signals.  The band pass filter used in 

the simulation was created using MATLAB's fdatool software.  After being filtered, the 

noise signal was then normalized and scaled to the appropriate amplitude.  This 

amplitude was set to conform to equation (6.16), shown here, 

                    . (6.16)  

The noise addition process is visualized in Figure 22. 

 

Figure 22.  Noise addition. 
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 After the addition of noise to the output signals, the signal simulation completed 

with the function returning the four transducer specific signals (S1(t), S2(t), S3(t) and 

S4(t)).  Equation (6.17) summarizes the entire signal simulation process for the general 

case, 

            
                       

     
                       

     
                       

     
                                  

     
                                  

     
                                       . 

(6.17)  

  (6.18)  

 

6.2. Processing Simulation 

 With the signal simulation complete, the next component of the simulation 

implemented was the processing portion.  This portion of the code was designed to 

simulate the processing that is done in real time on the DSP board discussed later in the 

hardware section.  More specifically, this portion of the simulation returned the direction 

of arrival of the incident REMUS signal, the direction of arrival of the incident 

transponder signal and the relative range of the REMUS to the transponder. 

 The signal detection algorithm first measures the variance of the noise present in 

the acoustic environment.  This value, multiplied by a constant detection threshold value, 
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was then compared to the rest of the data set to determine if a signal was detected.  An 

effort to determine the most appropriate value of the detection threshold is discussed in 

the simulation results section.  Equation (6.18) presents this comparison process. 

           
           

                       (6.18)  

 After the noise variance value was measured, a coarse window was used to 

advance through the input signal using an overlap of 50% between windows.  Once the 

detection threshold was exceeded, the window was reduced in size and advanced through 

the input signal starting at the beginning index of the course search.  As such, the starting 

point of the pulse was more accurately located.  Figure 23 illustrates the signal detection 

process. 

 

Figure 23.  Illustration of Detection Algorithm. 
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 Due to the fact that the processing algorithm is designed to look for both the 

REMUS call and the transponder response to the call, the first signal detection is tagged 

as the REMUS call time, at which point the algorithm locks out a set number of samples, 

then proceeds to look for the transponder response signal.  The lock out time corresponds 

to the 0.05 second response delay time seen in an examination of the REMUS call and 

response recordings discussed earlier.  In the previous section, this value was referred to 

as τdelay.  Once both of the signals have been detected, a relative range value can be 

produced by subtracting the beginning time of the transponder response signal from the 

beginning time of the REMUS call signal.  This time value was referred to as τ1 in the 

proceeding sections.  The relative range value returned by the processing function is then 

produced using equation (6.19). 

         (6.19)  

 The rRR value was returned at the completion of the processing simulation along 

with the signal direction of arrival information, which will be discussed next. 

 Once the signal has been detected, the phase difference between USBL 

transducers one and two will indicate the azimuth of the incoming signal.  Similarly the 

phase difference between USBL transducers three and four will indicate the elevation of 

the incoming signal.  Each value is calculated using equations (6.20) and (6.21) [11].  

Both of these equations reflect the composition of the USBL and the operating theory 

discussed in the scientific background section.  Namely, fc is the carrier frequency of the 

REMUS call and response messages and bUSBL is the baseline length of the FAU USBL. 

Additionally, the production of the relative phase portion of the equation is dependent on 
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the fact that the signals are represented in analytic form.  By multiplying one of a 

baseline's hydrophone signals by the complex conjugate of the matching hydrophone's 

signal and taking the argument of the result, the difference in the phase of the signals 

arriving at their respective hydrophones can be calculated.  That quantity is then used in 

the calculation of the DOA of the signal to the baseline in question.  Equations (6.20) and 

(6.21) are presented here: 

 
                        

      
 

         
  , (6.20)  

 
                        

      
 

         
  . (6.21)  

 In order to obtain more reliable results, the first thirty samples from each channel 

were used to do these calculations.  Each of the resultant thirty direction of arrival 

estimations were then averaged to produce the azimuth and elevations returned by the 

processing function. 

 The final step in the simulation process was the portion of the processing that will 

be dealt with in the hardware implementation of the device as post processing.  A higher 

level simulation script took the calculated relative range value and the DOA values that 

were returned by the processing function, plugged them into equation (4.6), the REMUS 

to USBL range estimation equation, and produced an estimated range value (rRU’).  

Combining the result of this calculation, with the direction of arrival information 

calculated by the processing function resulted in a position estimate. 

 It is also important to note, the simulation also included GPS error and watch 

circle error components.  The range of error caused by GPS error (ΔT + ΔU) was set to a 
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radius of five meters and assumed to be uniformly distributed.  Similarly, the range of 

position error caused by the transducer watch circle (ΔW) was set to a radius of one meter 

and assumed to be uniformly distributed.  The simulation was used as a Monte Carlo type 

simulation, where the simulation was run a large number of times and analyzed by 

looking at the mean result [33].  This type of analysis allowed the GPS and watch circle 

errors to be added in this manner.  Also, the GPS and watch circle errors were added at 

this point in the simulation to mimic how GPS error and watch circle error will be 

introduced into the hardware version of the system. 

 For the reader’s convenience Table 4 presents a summary of all of the input 

variables used in the simulation.  How the detection threshold (DT) was determined will 

be discussed in the next section. 
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Table 3. Simulation Input Variables. 

Speed of Sound in Water (c) 1500 m/s 

Sound Speed Gradient (g) -0.05 (m/s)/m 

Density of Water (ρ1) 1000 kg/m
3 

Sound Speed in Sand Bottom (c2) 1800 m/s 

Density of Sandy Bottom (ρ2) 1800 kg/m
3
 

Direction Factor (ADOA)  See Table 2. 

Detection Threshold (DT) 20 (dB) 

Absorption Loss (αa) 2 (dB/km) 

Response Delay (τdelay) 0.05 (seconds) 

Average GPS Error (ΔT + ΔU) 5 (m) 

Average Watch Circle Error (ΔW) 1 (m) 

Noise Level (NL) 40 (dB/Hz) 

Water Depth (Zd) -25 (m) 

Carrier Frequency (fc) -2 (kHz) 

Simulations Per Position (ns) 10 

Baseline Length (bUSBL) 0.0225 (m) 

 

6.3. Simulation Results 

 The average range estimation error (ΔrRU_Ave) is repeatedly used in this section to 

indicate the quality of range estimations made by the simulated system.  Equation (6.22) 

represents this how this value is calculated, 

          
            
  
 

  
. (6.22)  

In equation (6.22) rRUn' is the individual simulation range estimate, rRU is the actual range 

and ns is the number of simulations to run at each position (ns = 10 throughout this 

document). 



65 

6.3.1. Detection Threshold and SNR 

 The simulation was first used to test for an optimal detection threshold.  This was 

done by running the simulation over a large number of positions and finding which 

detection threshold produced the lowest average error value (ΔrRU_Ave).  The positions that 

were simulated were those along the center-line of the USBL, from 50 to 1000 meters in 

steps of 100 meters, with each position simulated ten times.  This allowed for different 

detection thresholds to be tested over a large number of signal to noise ratios (SNR’s).  

The estimated ranges were then compared to the actual ranges and averaged.  This 

comparison was accomplished using equation (6.22).  The results are displayed in Figure 

24. 
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Figure 24.  Detection Threshold Test Plot. 

 

 When a very low detection threshold value was used the results were poor, as the 

algorithm was subject to false detection errors.  When a very high value for the detection 

threshold was used, the messaging signals were not detected at all; also leading to very 

high error values (the algorithm assigns non detection passes an out of bounds range 

value).  This effect is seen in the very high error values on the right hand side of the plot.  

The lower portion of Figure 24 presents the detection threshold values that resulted in 

low error and variance values (shown via error bars in the plot).  Consulting this portion 

of the figure, a detection threshold value of 20 dB seems like a good choice.  As such, the 
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detection threshold was set to 20 dB in the simulation for the following sections. 

 

6.3.2. Geometry 

 The simulation was run to determine which ranges and angles tracking the 

REMUS with the system would produce good results and furthermore whether the system 

would work at all.   

Initially, an investigation into poor field geometries (where the system did not 

function well) was undertaken.  One such case was discovered:  when the transponder is 

located between the REMUS and the USBL.  Figure 25 presents just that case.  The 

transponder has been positioned 500 meters from the USBL along the center-line of the 

USBL.  When the REMUS is positioned past the transponder near the center-line of the 

USBL, the position estimates become poor.  In the figure, the REMUS ranges varied 

from 10 to 1000 meters from the origin of the USBL and along angles from -
π
/2 to 

π
/2 

(radians) from the center-line of the USBL.  Each position was simulated ten times and 

the range estimation (rRU’) was compared to the actual range of REMUS (rRU), using 

equation (6.22). 
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Figure 25.  Demonstration of Poor Field Geometry. 

 

 Figure 25 suggests that the USBL should always be located on the same side of 

the transponder as the REMUS. 

Additional testing was done by fixing the position of the transponder in the 

simulation at a range of 1010 meters along the axis of the USBL, where there is no loss 

due to the directivity of the USBL.  Again, the REMUS ranges varied from 10 to 1000 

meters from the origin of the USBL and along angles from -
π
/2 to 

π
/2 (radians) from the 

center-line of the USBL.  Each position was simulated ten times and the average range 

estimation (ΔrRU_Ave) was developed.  Again, this comparison was completed using 

equation (6.22) introduced at the beginning of this section.  The results are presented in 

Figure 26. 
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Figure 26.  Accuracy of Simulated LBL-USBL Positioning System (Using Transponder 

A Recording). 

 

 Additionally, the variances of the range estimates are presented in Figure 27. 

 

Figure 27.  Variance of Simulated LBL-USBL Positioning System (Using Transponder 

A Recording). 

 

Figure 26 and 27 were created using a recording of the REMUS interrogating the 
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A transponder.  Appendix 11.6 has plots generated using the other available transponders’ 

recordings.  The simulations run with the other recordings yielded similar results. 

 The plot shown in Figure 26 and 27 are an empirical reflection of all the quantities 

(ΔT, ΔU, ΔW, Δτ1, Δθ1 and Δc) discussed in the measurement uncertainty section 

combined with the characteristics of the hardware being simulated.  The term signal 

excess (SE) will be introduced at this point [23].  Equation (6.23) defines the term as it 

relates to the signal to noise ratio (SNR) and detection threshold (DT).   

                (6.23)  

The directly calculated signal excess value at all of the positions simulated in 

Figure 26 and 27 is presented in Figure 28. 

 

Figure 28.  Signal Excess in Simulated Field. 

 

 

 Positions where the signal excess values are low are indicative of areas where the 
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system will not detect the REMUS signals and therefore not produce position 

estimations.  The results of the simulation agree with both the figures presented in the 

Measurement Uncertainty section (Figures 12 through 16) and the low signal excess (SE) 

values seen Figure 28.  As such, the poor performance of the simulated system at higher 

angles from the center-line of the USBL can be attributed to both the mathematics 

associated with the range estimation and the limitations of the USBL array.  The 

implication of these results will be discussed in the next section. 

 

6.4. Conclusion 

 The simulations discussed here provide an estimate of the proposed system’s 

performance.  It is apparent that the direction of arrival of signals incident on the USBL 

are highly predictive of the performance of the system.  When the REMUS is located 

significantly off of the center-line of the USBL, the performance of the system quickly 

deteriorates.   It is also apparent that as range increases, the performance of the system is 

diminished. 

 The simulation also suggests how the system should be used when it is deployed 

in the field.  Figure 29 is a top down view of a theoretical operating area for the proposed 

tracking system.  The blue section of the illustration is the area in which the system can 

provide a good estimate of the REMUS location.  As in the simulation, the USBL is 

pointed directly at one of the transponders of the USBL array.  It is apparent, when 

looking at this illustration, that the REMUS will not be able to be tracked by the system 

throughout the entire LBL field.  As such the system may only be useful when the 
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REMUS is navigating near to one of the transponders of the LBL field. 

 

Figure 29.  Illustration of Possible System Application. 

 

  One situation when the REMUS will stay near to one of the LBL beacons is at the 

end of a mission where the REMUS is programmed to loiter in a location near a beacon.  

Considering the results of this simulation, this scenario may present an initial application 

of the tracking system detailed in this thesis.  It is easy to imagine the system presented 

here aiding in the recovery of the REMUS once it has completed its mission and it has 

been programmed to circle in the proximity of an LBL beacon.  The presented system 

could provide a more precise location than simply ranging the vehicle. 

 The limitations of the simulated system could be improved in future attempts at 

developing this type of tracking system a couple of ways.  The most obvious way to 

improve the system is to utilize a USBL array with better performance characteristics, 

including lower levels of attenuation due to directivity.  It is also possible to imagine 
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multiple USBL arrays being used to cover different portions of the LBL field.  Multiple 

USBLs could be pointed at the multiple transponders of the LBL field, to provide a 

greater coverage area.  Additionally, a shallow water environment may not be the only 

place this type of system can be of utility.  For instance, this type of system may perform 

better in a deep ocean environment, where there is less opportunity for multipath 

interference.  That said, the mathematics associated with the range estimation will always 

make the proposed system more error prone when the REMUS is located at angles far 

from the center-line of the USBL. 

 Finally, the simulation itself also leaves room for future improvements.  Discussed 

earlier in this section, using ray tracing to determine the arrival angle of signals incident 

on the USBL could be implemented.  Specular reflection could be accounted for in a 

future version of the simulation.  It is also possible, that an improved ray tracing method 

could be employed in the next iteration of the system.  This would allow for the effects of 

a more complicated sound speed profile to be examined.  Finally, the simulation could be 

left as is and run with a greater number of environments in mind, including deep water 

environments, to get a better idea of the potential of the proposed system in a wider range 

of environments. 



74 

7.  IMPLEMENTATION 

 With a completed simulation in hand, sites were set on implementing a test 

version of the proposed system.  This section will detail the results of that effort.  Both, 

hardware and software were developed to create a test system.  Each will be discussed 

separately below.  It is of note that the hardware description described in this section was 

modified somewhat after testing in the field.  These modifications will be described when 

appropriate. 

7.1. Hardware 

 Three separate sensors were used in the hardware design.  The sensors included a 

digital compass, a GPS unit and the FAU USBL.  All three of these sensors returned 

readings to the acquisition computer via a USB to RS232 hub.  Additionally, the FAU 

USBL was able to host telnet sessions, which allowed for access to the uClinux operating 

system running on the micro-controller portion of the DSP board.  Telnet sessions were 

consummated through an Ethernet connection.  A five volt wall wart type power supply 

was used to power the digital compass and GPS unit.  Power and RS232 communications 

were all connected through the same multiconductor wire, which attached to the GPS and 

Compass housing through a NEMA gland.  The GPS and Compass housing was mounted 

to the top of the mast.  The FAU USBL array was mounted to the bottom of the mast, 

which sat below the water line when the system was deployed.  The USBL array was also 

connected to the DSP Box by way of a separate multiconductor cable.  This cable 
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supplied power to the FAU USBL and also allowed the DSP box to connect to the outputs 

of each of the four hydrophones housed in the FAU USBL array.  The USBL array cable 

could be disconnected from the USBL array by way of a water proof connector.  Finally, 

a clean power supply was used to power the DSP Box.  Figure 30 presents an overview of 

the components of the test system developed for this thesis and how they were interfaced 

with each other. 

 

Figure 30.  System Overview. 

 

 Figure 31 is a picture of the actual mast.  The mast was approximately two meters 

long and an attachment line was connected to the mast one and a half meters up from the 

location of the USBL array.  The attachment line positioning was placed in such a way 

that the USBL array would sit approximately one and a half meters below the water line 
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when the unit was deployed.  The unit was designed to be deployed by lowering it over 

the side of whichever platform it was being used on and tying off the attachment line in 

such a way that the USBL was positioned appropriately.  A mushroom type anchor was 

attached to the bottom of the mast to insure that the mast was oriented vertically, when 

deployed.  The anchor was tied to the bottom of the mast, with approximately a meter of 

line separating it from the USBL array portion of the mast.  The entire mast, save for the 

hardware used to attach the distinct portions of the mast was constructed using polyvinyl 

chloride (PVC) components.  PVC was chosen in order to reduce the intensity of mast 

based reflection signals.  The Position Sensors were mounted to the top portion of the 

mast.  The GPS and Compass housing was also constructed of PVC pipe, albeit of a 

larger diameter then the lower portion of the mast.  Efforts were made to insure that the 

GPS and Compass housing was weather proof. 
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Figure 31.  Mast 

 

 Figure 32 is a close up view of the USBL array used for the final test.  Originally 

the FAU USBL array was going to be used to complete the test, but after a great deal of 

testing it was determined to not be working.  As such, it was replaced by an array of ITC 

transducers.  The transducers of the array were not oriented in the same manner as the 

FAU USBL array due to their dimensions.  That said, they were still positioned in such a 

way to form a vertical and horizontal baseline.  The transducer pairs were spaced 0.01905 

meters apart. This distance complies with the less than half a wave length spacing 

requirement of USBL arrays [1].  The transducers of the array were mounted on an 

acrylic plate.  The plate was able to rotate around a pivot point as to allow for transducer 
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orientation adjustment.   

The results of the simulation should still hold as a good indication of the systems 

potential performance.  The newer hydrophone array has a similar beam pattern plot and 

directivity index (DI) to the original FAU USBL.  As in the simulation, one set of 

hydrophones was oriented horizontally and one set of hydrophones was oriented 

vertically for the experiment.  It is of note that the orientation of the hydrophones is of no 

importance when using three-dimensional range estimation approach, discussed in 

section 4.3, if the goal is only to passively range to the vehicle.  That said, the proper 

orientation of the hydrophones relative to the digital compass is very important if a 

position estimate is to be developed, while the mast is on a moving platform.  

 

Figure 32.  ITC Hydrophone Array. 

 

 Figure 33 is of the inside of the DSP Box and the DSP housing when it has been 

closed.  The FAU developed breakout board was mounted using silicone sealant.  The 

DSP electronics consisted of a FAU designed breakout board and the daqstick DSP board.  

The RS232, Ethernet, Power and USBL array connections were all wired through the 

back of the box.  The plastic project box provided a measure of protection to the circuitry 
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housed inside, when the system was being tested in the field.  

 

Figure 33.  DSP Board and Housing. 

 

 When the system was being developed a JTAG interface between the DSP board 

and the development computer was used for programming and debugging.  This interface 

allowed for the processor on the board to be programmed using Texas Instrument's Code 

Composer software.  This interface was only able to be connected when the DSP Box was 

opened and the breakout board was accessible.  More information on the daqstick board 

is supplied in Appendix 11.10. 

 The GPS sensor used for this experiment was a Garmin GPS 18x LVC.  Housed in 

the top of the mast, it was able to provide GPS positions to the host computer throughout 

the deployment of the system.  The GPS 18x LVC output position data through a serial 

stream at a rate of 1Hz.  As the mast will generally be used when stationary, the one hertz 

update rate was deemed adequate.  The position data was provided in standard NEMA 

format and the pertinent portion of the NEMA stream was parsed for saving.  Per the 

Garmin documentation, the GPS 18x LVC is able to resolve its position to within three 

meters ninety five percent of the time [17].  More information on the GPS 18x LVC is 

located in Appendix 11.8. 
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 A digital compass was integrated into the test system in order to compensate for 

the rotation of the USBL between the arrival of the call and response signals.  The 

Compass used for this experiment was the ocean server OS5000.  It was also mounted in 

the top portion of the mast.  The compass was attached with plastic hardware in order to 

reduce error caused by ferrous object interference.  Per the Ocean Server documentation, 

the OS5000 is able to resolve headings to within 0.5 degrees [18].  More information on 

the OS5000 is located in Appendix 11.9. 

7.2. Software 

 The software used with the system had three major components:  software running 

on the DSP board, a graphical interface to the instrument used on the connected computer 

during deployments and post processing scripts used after deployments to turn the 

collected data into position estimates. 

 The DSP board used in the test system was the daqstick model produced by Maple 

Signal Processing.  The board is comprised of a Motorola 68VZ328 microcontroller, the 

Texas Instruments TMS320VC5416 DSP chip and support components.  More 

information on the DSP board is supplied in Appendix 11.10.  The code used in the 

embedded DSP controller was borrowed from an earlier version of the FAU USBL.  This 

code allowed the system to function as a four channel recording system, which recorded 

raw data from the hydrophones and transferred it to a server through the daqstick board’s 

Ethernet connection.  The code running on the DSP portion of the board was also based 

on an earlier version of the FAU USBL and simply aided in this process. 

 An interface for use on the deployment computer was developed using Visual 

Studio.  The interface was essentially a specialized terminal program designed to collect 
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and store the raw data from the GPS, compass and the USBL.  The interface program 

operated by pulling the most current GPS and compass settings out of their respective 

serial streams, storing these values in a temporary variable and then tagging incoming 

data with their values.  Each data stream was displayed in its own text box on the form.  

The current values for each of the data streams were also displayed separately above their 

respective text boxes.  A screen shot of the program's form is given in Figure 61 in 

Appendix 11.13. 

 The final piece of software used was a MATLAB script.  This script was used to 

turn the raw data recorded during the deployment of the mast into a position estimation of 

the REMUS.  This script took in the raw data from the recording system, band pass 

filtered the data and then Hilbert transformed the data.  This process will be further 

discussed in the next section. 
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8.  EXPERIMENT 

 In an effort to make the tests simpler to complete, but remain relevant to the ideas 

discussed in earlier sections of this document, the REMUS 100 was replaced by the 

REMUS 100 ranging unit in the test described below.  The ranging unit is also capable of 

interrogating the transponders of the LBL array and served as a convenient stand in for 

the REMUS 100 itself, as it is more portable and easier to deploy.  The change from the 

REMUS 100 to the REMUS 100 ranger changed the call and response signals being 

examined.  As such, the frequencies used in the ranger and transponder interrogation 

scheme were also different from the frequencies discussed in the background section.  

The new signal frequencies were determined by examining the recorded call and response 

signals in a similar fashion to that discussed in the background section.  Figure 34 is a 

normalized FFT plot of the REMUS 100 ranger call signal and Figure 35 is a normalized 

FFT plot of the transponder response. 
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Figure 34.  Normalized FFT Plot of Ranger Call. 

 

 

Figure 35.  Normalized FFT Plot of Transponder Response. 

 

Consulting Figure 34 and Figure 35 lead to the conclusion that the ranger had an 

interrogation frequency centered around 27.5 kilohertz and the transducer had a response 

signal centered around 29 kilohertz. 

 The final test field was set up in the marina by FAU's Seatech campus in Dania 
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Beach, Florida.  An aerial view of the test field can be seen in Figure 36 below.  Layout 

of the testing area was done using a kayak to both place the transponder and position the 

ranger.  The ranger was attached to the kayak.  As such, the kayak was positioned at each 

of the test points and then held in place using an anchor.  Once in place, the ranger was 

then set to interrogate the transponder once every five seconds.  This process was 

repeated at the three positions (R1, R2 and R3) shown in Figure 36.  Also, the USBL was 

mounted to the Seatech dock using line and remained in the same position throughout the 

testing. 

 

Figure 36.  Test Field [Google Earth]. 

 

 The test field is described schematically in Figure 37.  Measurement of the field 

was done using a combination of methods.  Google Earth was used to measure the 

distance from the USBL to the center test position (R2).  Range values returned by the 
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REMUS ranger were used to measure the distance between the center test position and 

the transponder (R2 and T).  Finally, a measured piece of line was used to space the 

ranger horizontal from the center test position to the two adjacent positions (R1 and R3).  

These alternative position measurements were used in place of GPS data, as the GPS data 

recorded during the tests was not precise enough to provide good results.  It is also of 

note that the digital compass data was not utilized in the results displayed below, as the 

USBL was held in a fixed position and compass data would not have contributed to better 

measurements.  

 

Figure 37.  Test Field Schematic. 

 

 Four sets of recordings were made at each position.  Each recording was thirteen 

seconds long and contained between two and three call and response signals.  How well 
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the actual positions of the ranger were estimated by the system using these recordings 

will be discussed in the next section. 
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9.  RESULTS 

 The immediate results of the testing done in the FAU marina were raw recordings 

of the acoustic signals present during the time of testing.  Figure 38 is a plot of one of the 

raw recordings obtained during testing of the system.  There are a number of noise 

signals is this recording, but the call and response pair signals in question have been 

identified. 

 

Figure 38.  Plot of Raw Recording. 

 

 The precise positions of the call and response signals were identified, by way of 

visual inspection of the plotted raw recording, for each recording set.  A total of thirty 
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three call and response sets were identified.  Eleven sets were found in each of the three 

positions' recordings.  The portion of the recordings containing the call and response 

signals were then extracted from the recordings, band pass filtered to reduce noise and  

Hilbert transformed [22] to create an analytic representation [24] of the signal, as 

discussed in the background section (2.4).  This process was completed for each channel 

of the recording system.  Once this process was complete, the different channels of the 

recording system were compared using equation (6.20) and a direction of arrival estimate 

was developed.  This comparison was completed for both the call and response signals, 

resulting in sixty-six different direction of arrival estimates. 

 It is also of note that only the first five filtered and transformed samples of each 

signal were used to formulate the direction of arrival estimate.  The five resultant 

estimates were averaged and this average was used to form a range estimate and then a 

position estimate.  Five samples were used after testing a number of different window 

sizes.  Such a small portion of the signal producing the best result is probably due to the 

reduced opportunity for multipath effects to corrupt the calculated direction of arrivals.  

Multipath interference may have developed from many different sources in the marina.  

Potential reflection sources included the surface, the bottom, boats, fish and the dock.  

Inspection of Figure 38 also indicates that there was a large amount of intermittent noise 

present at the time of recording.  This intermittent noise was also a potential source of 

error. 

 As discussed previously, the system functions by utilizing the known location of 

the transponder and the known location of the USBL.  These known quantities were then 

combined with the direction of arrival of the call and response signals, as well as the 
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difference in the time of arrival of those signals in order to produce a range estimate (rRU) 

using equation (4.6).  The range estimate was then combined with the direction of arrival 

of the call signal to produce a position estimate.   

 The result of these calculations for the 33 call and response records are visualized 

in Figure 39.  

 

Figure 39.  Position Estimates - Full Field. 

 

 Figure 40 presents a zoomed in view of the position estimates shown in Figure 39. 



90 

 

Figure 40.  Position Estimates – Near View. 

 

 It is clear from both of these figures that the system was able to produce 

reasonable estimates of the position of the ranger based on the collected data.  It is 

important to note that the direction of arrival of the response signal used in these 

calculations was based on an average of several “good” response signals' direction of 

arrival estimates.  A set of “good” response signals was developed by discarding several 

outlier direction of arrival values using an iterative process, which used the standard 

deviation of the data set as a rejection test value.  Using an averaged and cleaned value 

produced better position estimates and is reasonable because the transponder has a fixed 

position. 

 In order to quantify the performance of the system the mean range estimate 
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(ΔrRU_Ave), error of the mean range estimate (|ΔrRU_Ave- rRU|), variance of the range 

estimates and standard deviation of the range estimates at each position were calculated 

[24].  Those values are presented in Table 4. 

Table 4.  Range Estimation Statistics. 

Position R1 R2 R3 

Mean (m) 121.3 120.12 121.54 

Mean Error (m) 0.11 0.88 0.13 

Var (m
2
) 0.44 0.44 0.74 

STD (m) 0.66 0.66 0.86 

 

 Additionally, the position error of each reading was calculated.  Those values are 

presented in Table 5. 

Table 5.  Position Estimation Statistics. 

Position R1 R2 R3 

Mean Error (m) 1.40 3.09 2.36 

Var (m
2
) 0.73 5.45 1.92 

STD (m) 0.86 2.34 1.39 

 

In an effort to give these quantities further meaning Figure 41 presents the average 

estimated position in comparison to the actual position, along with all of the individual 

position estimations. 
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Figure 41.  Position Estimates – Average Estimate and Actual Position. 

 

 At this point it is important to emphasize the distinction between the range 

estimation error (ΔrRU) and the position estimation error.  In the measurement uncertainty 

portion of this document the error quantity being discussed was the range estimation 

error.  Here, the error seen in Figure 41 is the position estimation. 

 The error seen in both the position estimations and range estimations is partly due 

to each of the factors discussed in the measurement uncertainty section.  First, the actual 

position of the field components certainly deviates from the apparent position of the 

components as there was a certain amount of error in the measured placement of the 

ranger, USBL and the transponder.  Placement error would contribute to the ΔT value 

discussed earlier.  Measurement error, which contributes to assumed travel time error 
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(ΔτTU), may suggest why the mean error of the position estimates made at R2 are higher 

than those at R1, while they have similar range estimation errors and variances.  R3 had 

both a higher mean position error and higher range estimation variances.  One possible 

explanation of this result is that the marina is increasingly shallow as you move in the 

direction of R3 and the shallower environment made the R3 position and range estimates 

more susceptible to multipath interference.  This is reflected in Figure 42, which depicts 

the bathymetry of the Seatech Marina. 

 

 

Figure 42.  SeaTech Marina Bathymetry. 

 

 

 That said the other sources of error discussed in the measurement uncertainty 
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section should have had very little effect on the ranging error seen in Table 4 and 5’s 

statistics.  This is because the size of the field was relatively small compared to the size 

of the fields discussed in the measurement uncertainty section and the portion of the field 

the components were placed in were the most error resistant,  i.e., within approximately 

π/4 radians of the center-line of the USBL.  At a range of approximately 120 meters, an 

error in the time of arrival difference (τ1'), the direction of arrival (θ1') and the sound 

speed (c') would not have a large effect on the range estimation. 

 Finally, looking at Figure 41 the estimated positions at each of the recording 

positions are relatively flat and vary mainly along the x axis.  This indicates that the main 

source of error in these position estimations was the direction of arrival error (Δθ1) rather 

than the ranging error.  So while the range estimate of each of the recording pairs was 

very good, the position estimates were less so.  This is because the direction of arrival 

error has a much larger effect on the position estimation than the range estimation at close 

range.
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10.  CONCLUSION 

 This document constitutes a thorough investigation into the viability of a LBL-

USBL positioning system for use with the REMUS 100 AUV.  It also serves as a good 

general investigation into a passive USBL based tracking system.   

 The tests performed as a part of the preparation of this document eventually led to 

the successful demonstration of a proof of concept system.  While the test field in which 

the prototype system was tested presented a trivial situation where the location of the 

body being tracked was fixed, the test did verify the mathematical approach presented in 

the theory section of this paper.  It is the hope of the author that this system can be further 

refined in the future to be of practical use in field settings. 

 The system presented in this document can be refined in a number of ways.  First, 

converting the system from a post processing based system to a real time system is 

critical to making such a system useful in the field.  The main hurdle to developing a real 

time version of the system is developing a better signal detection scheme.  As originally 

configured, the DSP was subject to false detections and did not provide meaningful 

results.  Combating this may require the use of DSP hardware with larger buffer sizes 

than those provided by the daqstick DSP board.  The size of the buffer used in the FAU 

USBL may not be sufficient to allow for a successful noise rejection scheme, in which a 

call and response signal are both accounted for.  Additionally, the GPS and digital 

compass information would need to be integrated into any real time system.  Also, a more 
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robust filtering scheme could be developed.  The filtering scheme used in the tests 

presented above was simply to band pass filter the recordings to eliminate signals outside 

of the REMUS signaling scheme frequencies.  A scheme that filtered appropriately for the 

call and then the response, after a call detection, could improve the system's performance.  

Finally, it is apparent from the test results that the direction of arrival error (Δθ1) was the 

main source of position estimation error.  While the direction of arrival error did not have 

a large effect on the estimated range error, it did once the estimated range was combined 

with the direction of arrival estimate to produce a position estimate.  This research 

suggests that reducing this type of error is the most important topic for future work. 

 There are a couple apparent applications of the system described in this document.  

The first and most obvious application is as an additional means to track a deployed AUV 

utilizing a LBL positioning system.  Using this kind of system would create a redundant 

tracking system and reduce the chance of equipment loss.  It is also possible to imagine 

this type of tracking system being used to track an AUV that has been deployed by some 

other group, without their knowledge.  In such an application, this system would function 

as an AUV counter measure.  This application would require that the system be expanded 

to calculate the position of the transponders of the LBL field being examined.  Finally, 

both of these applications could benefit from a scheme in which the USBL or multiple 

USBLs were used to track the AUV’s interaction with multiple LBL beacons.  It is the 

suggestion and hope of the author that the proposed system be further developed to 

function in one of these capacities. 
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11.  APPENDIX 

11.1. Method of Images Equations 

   In the equations presented here Ux is x component of the USBL position, Uy is the 

y component and Uz is the z component.  Similar notation is used for the REMUS (R) and 

the transponder positions (T).  Zd is the depth.  Also, d was used to denote the direct path, 

s the surface path and b the bottom path. 

Distance (DUR) between the USBL and the REMUS: 
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          , (11.2)  

 
                       

 
              . (11.3)  

Distance (DUT) between the USBL and the transponder: 
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              . (11.6)  
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 The distance between the REMUS and the transponder it is interrogating also 

needed to be calculated in order to know the delay time between the interrogation of the 

transponder and the response of the transponder.  That value is shown here, 

 
                      

 
          . (11.7)  

 

11.2. Transducer Specific Distance Equations 

 Where Tn is one of the four specific transducers position vectors, R is the REMUS 

position vector, T is the transponder position vector and Zd is the depth. 
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11.3. Direction of Arrival Equations 

 The notation used in section 12.1 is also used here. 
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11.4. USBL Directivity Plot 

 

Figure 43.  Directivity Plot of FAU USBL. 

 

11.5. Theoretical Error Plots 

 

Figure 44.  Effect of GPS and Watch Circle Error (10 meters) on Range Estimations 
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Figure 45.  Effect Detection Timing Error (0.01 sec) on Range Estimations 

 

 

Figure 46.  Effect Detection Timing Error (0.05 sec) on Range Estimations 
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Figure 47.  Effect of Direction of Arrival Error (0.5º) on Range Estimations 

 

 

Figure 48.  Effect of Direction of Arrival Error (2º) on Range Estimations 
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Figure 49.  Effect of Direction of Arrival Error (4º) on Range Estimations 

 

 

Figure 50.  Effect of Assumed Sound Velocity Error (40 m/s) on Range Estimations 
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Figure 51.  Effect of Assumed Sound Velocity Error (60 m/s) on Range Estimations 

 

11.6. Simulation Error Plots 

 

 

Figure 52.  Accuracy of Simulated LBL-USBL Positioning System (Using Transponder 

C Recording) 
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Figure 53.  Variance of Simulated LBL-USBL Positioning System (Using Transponder 

C Recording) 

 

 

Figure 54.  Accuracy of Simulated LBL-USBL Positioning System (Using Transponder 

D Recording) 
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Figure 55.  Variance of Simulated LBL-USBL Positioning System (Using Transponder 

D Recording) 
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11.7. Full Phase Shifting Diagram 

 

Figure 56.  Full Phase Shifting Diagram. 
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11.8. GPS Specifications 

 

Figure 57 is a picture of the GPS 18x LVC, provided by the manufacturer. 

 

 

 

Figure 57.  Garmin GPS18x LVC [17] 

 

Performance specifications, provided by the manufacturer [17]: 

 

Receiver 

 WASS Enabled GPS receiver continuously tracks and used multiple satellites to 

compute and update your position. 

 

Acquisition Times 

 Reacquisition:  Less than 2 seconds 

 

 Hot:   Approx. 1 second (all data known) 

 

 Warm:    Approx. 38 seconds (initial position, time and 

almanac     known; ephemeris unknown) 

 

 Cold:    Approx. 45 seconds 

 

Update Rate 

 GPS 18x LVC:  1 record per second 

 

Accuracy 

 GPS Standard Positioning Service (SPS) 

 Position:  < 15 meters, 95% typical 

 Velocity:  0.1 knot RMS steady state 

 

 WAAS 

Position:  <3 meters, 95% typical 

Velocity:   01. Knot RMS steady state 
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 Measurement Pulse Output Time:  ±1 microsecond at rising edge of the pulse 

 

 Dynamics:  999 knots velocity (only limited at altitude greater than 60,000 feet), 

2g dynamics 

 

 

 

 

11.9. Compass Specifications 

 

Figure 58 is a picture of the OS5000, provided by the manufacturer. 

 

 

 

 

 

Figure 58.  OS5000 Digital Compass [18] 

 

Features, provided by the manufacturer [18]: 
 

 Compass accuracy, 0.5 degrees RMS heading while level, 1° RMS <±30° Tilt, 

1.5° RMS <±60° Tilt, undisturbed field, .1 Degree resolution  

 Roll & Pitch full rotation, typical 1° accuracy <±30° tilt  

 Pitch Angles +/-90 degrees, Roll Angles +/- 180 degrees  

 Tilt-compensated (electronically gimbaled)  

 Tiny size, 1”x1”x0.3”, less than 2 grams weight  

 Low Power Consumption, <30ma @3.3V  

 Hard and soft-iron compensation routines  

 Optional support for a high resolution Depth or Altitude sensor (24 bit AD)  

 Serial Interface:  

◦ RS232, USB or TTL  
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◦ Baud rate programmable 4,800 to 115,000 baud  

 Rugged design  

◦ 10,000 G shock survival  

◦ -40° C to 80° C operating temperature (Accuracy specified for 0° C to 50° C)  

 ASCII sentence output, in several formats, NMEA checksum  

 High Data Update Rate to 40HZ  

 Support for True or Magnetic North Output  

 Precision components  

◦ 3 Axis magnetic sensors from Honeywell 

◦ 3 Axis Accelerometers from ST Microelectronics  

◦ 24 bit differential Analog to Digital converters from Analog Devices  

 

11.10. daqstick Specifications 

 

A top and bottom view of the daqstick board is provided in Figure 59.  
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Figure 59.  daqstick 

 

Specifications, provided by the manufacturer [19]: 

 

33 Mhz Motorola 68VZ328 DragonBall Host uController with 

8 Meg RAM (16M, 32M optional) 

4 Meg FLASH (8M optional) 

2 RS232/RS422 Serial Ports 

2 SPI ports 

Battery backed up Real Time Clock 

Optional Precision Timer (10 us Resolution) synced to GPS input 

Flash File System 

HTTP server 

10 Base-T Ethernet 
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100/160 MIP TMS320C5409/5416 Digital Signal Processor 

128K/256K bytes (64K/128K Words) RAM 

2 Channels 1M Sample/sec 12 bit DAC 

4 Channels 200K Simultaneous Sampling 12 bit ADC 

Variable ADC/DAC Gain 

Quad Channel Programmable PLL for fine resolution ADC/DAC 

clocking 

JTAG interface for TI/Spectrum XDS-510 debugger 

5 BiDirectional DIO lines available for user applications 

Expansion 

External Bus & MCBSP Connections for daughter cards 

Optional CF daughtercard for IBM Microdrive (Q3 2001) 

Low Power 

Single 3.3V supply 

500 mW active, 50 mW standby (preliminary) 

Dragonball VZ and C54xx can wake each other from idle 

Compact Size: only 2.25" x 6" 

 

11.11. FAU USBL Specifications 

 

Specifications, from senior design flier: 

Weight    2.3 lbs 

Dimensions   5.64 X 1.35” 

Sensitivity at 50 m  197.2 dB re 

Precision (estimated)  ± 2.2° 

Number of Elements  4 

Number of Baselines  2 

Output to Processor  0.1 – 3.0 volts 

Effective Range  0-50 meters 

Max Operating  130° F 

Detectable   22-30 kHz 

Operating Depth  0-10 meters 

 

Figure 60 contains a general assembly drawing and a hydrophone layout drawing. 
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Figure 60.  FAU USBL. 

 

11.12. Refracted Ray Length Equations [2] 
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11.13. Visual Basic Interface 

 

Figure 61.  Visual Basic Interface 
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