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ABSTRACT

This thesis focuses on developing a full-duplex
underwater acoustic network and in developing a new

protocol wutilizing demand assigned multiple access (DAMA)

and frequency division multiple access code (FDWA). Thi s
new protocol will be wutilized to expand networKking
capabilities in an underwater environnment. A benefit of

advancenments in this area includes fiscal savings and
optim zation of bandw dth usage creating an increased rate
of data transfer.

The research conducted in establishing a full-duplex
UAN using FDVA will put the Naval Postgraduate School at
the forefront of UAN technology and make a significant
contribution to understanding underwater networking, the
benefits of full-duplex underwater networking, and full-
dupl ex underwater networking using DANA. These sol utions
will increase the efficiency and reliability of underwater
data transfer and in turn, could be wused for further
research or as a stepping stone towards inproved nonitoring

of oceanographic anomalies and littoral waters.
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| NTRODUCTI ON

Wreless technological research and devel opnent has
exploded and is quickly becomng the nmminstay in conputer
net wor ki ng. As these technol ogies continue to change and
redefine thenselves, the design and wuse of underwater
acoustic networks (UANs) also needs to be redefined if it
is to continue evolving. Subst anti al research and
devel opment over the years has resulted in limted changes

in the technology used to explore the world s underwater

envi ronment . Even as this research has yiel ded
uni magi nabl e know edge of t he wor | ds under wat er
envi ronment the Jlimted <changes in the information
technology infrastructure has | eft a gap in the
architecture of UANs. This gap in technology nust be

addressed if UANs are going to beconme as wuseful as

conventional w rel ess networks.

One of the many reasons that UANs have been slower to
develop is the challenge to achieve a reliable high
capacity wreless network. However, the underwater
environment has a dramatic effect on signal propagation.
The effects of t enperat ure, salinity, and pressure
determ ne how fast sound will travel, therefore making high
speed data transfer rates difficult to achieve. [UTrick,
1975] However, absorption, scattering, refraction and
di stance between nodes are a larger concern in underwater
net wor ki ng because of the data |loss and errors associated

with each of these anomali es.

Due to high signal propagation and limted bandw dth
availability, nost underwater nodens currently transmt and

receive on the sanme frequency; this is known as half-dupl ex
1



node. An exanple of a half-duplex system would be a one
|ane road. Traffic can flow in either direction, but only
one way at a tine. The use of this sinple type of protoco

has sone simlarities to the highly inefficient Aloha
network protocol. Both protocols used hal f-duplex wreless
connections to transfer data, but there was a mgjor
di fference between the two. The original Al oha network
protocol was contention based, while the current UANs use
collision avoidance. However, the Aloha protocol was
instrunmental to the developnent of airborne wreless
networking as it is understood today. It is thought that
the current UAN protocols are the basic foundation for a
technol ogi cal revolution in underwater networking. The
ability to communicate as a full-duplex network is one of
the next steps in the evolution of UANS.

A full-duplex UAN utilizes a data transm ssion
node that allows data to be transmtted in both directions
at the sane tine. This type of network is anal ogous to a
two |ane road where traffic can go in opposite directions
at the sane tine. The data being transferred will be split
between the network channels and nust fully load the
channels to ensure the utilization of the network doesn’t

decr ease. In order to ensure that the channels can carry
concurrent data streans, the UAN will have to use a tine
division nultiple access (TDWA), frequency division

mul tiple access (FDVRA), or a code division nultiple access
(CDWVR) schene
A, MJULTI PLE ACCESS PROTOCOLS

Wiile each of these techniques can partition the
bandwi dth into nultiple channels on the UAN, each one has
uni que characteristics. FDMA assigns non-overl appi ng

2



frequency ranges to different signals or users on medium
By doing this each signal can be transmitted at the sane
time as long as the frequencies are different. Wth CDVA,
an advanced coding technique allows multiple devices to
transmt on the same frequency at the sanme tine. Finally,
synchronous TDVA assigns tine slots to a user on a given
medi um It then accepts input from each slot in a round
robin fashion based on the tine allotted to each slot.
This protocol allows the devices to send data in a never
ending pattern. But, because the protocol is constantly
swi tching between slots, even if there is no data, there is
a lot of bandw dth waste. Because of this waste, bandw dth
asynchronous TDVA (A-TDVA) was devel oped as an i nprovenent
to synchronous TDVA A-TDMA only transmts data from an
active workstation therefore no space is wasted on the
mul ti pl exed stream The input data is then sent to a
statistical nultiplexer which creates a frame containing
the data to be transmtted. This process allows a higher
utilization of the network by ensuring that each channel is
| oaded to its peak capacity. While A-TDVMA woul d be the
easi est protocol to inplenment, it wll not be used because
of the difficulties in synchronizing nodes because of
propagati on delays. Also, there currently are no nmechani sns
for FDVA or CDVA that will ensure the sane type of network
utilization as A TDVA.
B. SCOPE OF THESI S

This project wll test the feasibility of a full-
dupl ex UAN using four Desert Star nodens and devel op a new
protocol based on demand assigned nultiple access (DAMA)
utilizing a FDVA type schene. This protocol will be |oosely
based on previously designed protocols, |ike asynchronous

TDVA, while taking into account the effects of propagation
3



on the data transfer rate. The protocol wll split the

bandwi dth into channels and assign the channels for data

distribution in a manner simlar to A-TDVA A detailed
analysis of the protocol wll be included in a later
chapter. The new protocol wll be developed in a sinulation

package (OWNeT++) to allow for testing and evaluation.
This new protocol will also be used as a building block to
provide solutions for the establishnment of full-duplex
under wat er net wor ks. After this new protocol is devel oped
and tested, it will be used as the backbone to hel p devel op
a CDVA protocol. The CDVA protocol will be established in
a follow on study and wll Ilikely becone the dom nant
mechani sm for channel establishment for UANs due to its
i mproved bandwi dth characteristics over traditional FDM
C. MAJOR CONTRI BUTI ONS

Finally, the research conducted in establishing a
full -duplex UAN using FDVA or CDVMA wll put the Naval
Post graduate School at the forefront of UAN technol ogy and
make a significant contribution to understandi ng underwat er
net wor ki ng, t he benefits of full -dupl ex under wat er
networ ki ng, and full-duplex underwater networking using
DANA. These solutions wll increase the efficiency and
reliability of underwater data transfer and in turn, could
be used for further research or as a stepping stone towards
i mproved nonitoring of oceanographic anomalies and littoral
waters, as well as command and control of littoral forces.
D. ORGANI ZATI ON

This thesis is organized with the foll owi ng chapters:

e Chapter 1l wll discuss the background of conputer
net wor ki ng, wi reless conmunication technology, and

under wat er acousti cs.



Chapter 1l will discuss how sound travels in water
and the current UAN protocols.

Chapter IV will discuss the uses of a full duplex
network and its establishment. It will also lay out
the testing procedures and final results.

Chapter V wll discuss Denmand Assigned Miltiple
Access (DAMA) protocols. It will also describe the
new protocol to be used in UANs and provi de conputer
simulation results.

Chapt er Vi Wil | provi de concl usi ons and

recommendations for future projects.
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1. BACKGROUND

Throughout history there are exanples where a single
t echnol ogy has dom nat ed. During the 18th century, it was
the great nechanical systens acconpanying the |Industrial
Revol ution. The 19th century saw the energence of the steam
engine. During the 20th century, information gathering,
processi ng, and di stribution becane t he dom nati ng
technol ogy. [Tanenbaum 2003] As we nove into the 21°%
century, networking and wreless technol ogies are energing
as the dom nate technol ogies. A quick look at their
history will explain how networking and w rel ess technol ogy
devel oped and how it has affected the world of underwater
acousti cs.
A, H STORY

The history of networking, wreless technology and
underwater acoustics is intertwwned and has taken many
different forns over the years. One of the earliest forns
of networking in the United States dates back to the 1840's
with the developnment of the telegraph. Samuel Morse’s
devel opnment of a digital comrunication system (Mrse code)
was instrunental in allow ng nessages to be electronically
sent over transmission lines built along the devel oping
railroad infrastructure. A small conpany, Wstern Union,
took control of the growh and becane one of the first
industrial giants in networking. The telegraph dom nated
the | andscape until Al exander G aham Bell and Elisha G ay

filed their patents in 1876 for the tel ephone.

Using the patents filed by Al exander G aham Bell, the
tel ephone network began to replace the telegraph as the

primary method of comunication. American Tel ephone and
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Tel egraph (AT&T) energed as the industry giant and renai ned
so until the 1970’ s. Even as the tel egraph was becomni ng
obsolete, an inportant discovery was nade in 1893 when
Ni kola Tesla gave a public denponstration of radi o
comuni cat i on. Even though Tesla was the first to
denonstrate this ability, nost of the credit today still
goes to Guglielno Marconi who, in 1901, sent telegraphic
signals a distance of 1800 mles across the Atlantic Ccean
from Cornwall to St. John’s Newfoundl and. [Stallings, 2002]
Marconi’s signals did not use Mirse code, but, instead use
al phanunmeric characters encoded in analog signal. Advances
in this wireless technology have led to the invention of
radi os, televisions, nobile telephones and comrunication
satellites.

About five years after Marconi’s successful test, the
very first sound, navigation and rangi ng (SONAR) device was
invented in 1906 by Lewis N xon as a way of detecting
i cebergs. Even though this first device was passive
(listen only), it laid the foundation that would lead to
the devel opnent of active sonar and a renewed interest in
underwat er acousti cs. This wreless technology was w dely
studied by the Departnent of Defense and it eventually
progressed as an invaluable tool for them The DOD
configured wireless signals to transmt data over a nedium
that had conplex encryption, and would mnake unauthorized
access to network traffic alnost inpossible. This type of
technology was first introduced during Wrld War |l when
the Arny began sending battle plans over eneny lines and
when Navy ships instructed their fleets from shore to
shore. As the DOD «continued its research into

comuni cation technologies, the next major evolution in

8



networ ki ng cane with an invention by John Vincent Atanasoff
and Cifford Berry in the late 1930's. [Bellis, 2003]

Wiile at lowa State University, they developed the
machi ne called the Atanasoff-Berry Conputer (ABC nachine).
This machine was derived to find the solution for sets of
linear equations in Physics. The ABC was nore of an
el ectronic <calculator, but provided concepts |ike the
el ectronic arithnmetic unit and the regenerative, cyclic
menory that would beconme key conponents of the nodern day
conputer. In 1946 the ENAC, a machine built by John
Mauchly and J. Presper Eckert was conpleted. [Bellis, 2003]
Thi s machi ne was 1, 000 times faster t hen its
contenporaries. However, it was still not considered a
conputer. A few years later, the Manchester “baby” nachi ne
was conpleted. This machine was one of the first machi nes
to truly nove fromthe domain of calculators to the domain
of conputers. About a year after the Machnester machi ne was
conpleted, the EDSAC (Electronic Delay Storage Autonmatic
Computer) was devel oped by Maurice WIlkes and the staff of
the Mathematical Laboratory at Canbridge University. Also,
during these years, International Business Machines (IBM
was working on becomng a leader in the devel opnent of
conputers. In 1953, IBM developed their first entry into
the conputer business known as the |IBM "Type 701 EDPM.
This conmputer took IBM from obscurity to domi nance in the

conmput er mar ket pl ace for decades to foll ow

As IBMs domnance in the conputer arena grew, they
devel oped the first online transaction processing system
know as SABRE. SABRE was an online reservation system for
American airlines that used telephone lines to link 2,000

terminals in 65 cities to a pair of IBM 7090 conputers.

9



Following IBMs lead into networking, John Van Geen of the
Stanford Research Institute vastly inproved the technol ogy
associated wth the acoustically coupled npdem The
advancenents he pioneered enabled nodens to reliably detect
bits of data despite background noise heard over |ong-
di stance phone lines and enabl ed users to connect conputers
to the tel ephone network by nmeans of the standard tel ephone
handset of the day. IBMs network and John Van Geen’s
advancenents were only the beginning of networking as we

know it today.

During the 1960s Wi rel ess conmuni cati ons wer e
beginning to establish thenselves with the launch of the
first comunications satellites. Little did everyone know
that these satellites were the forbearers to the satellites
of today that carry about one-third of the voice traffic
and all of the television signals being broadcast between
different countries around the world. Also, during the
1960s, the Departnent of Defense (DOD) greatly expanded
conputer networking with the establishnment of the ARPANET.
The ARPANET was developed as a single infrastructure that
woul d interconnect nultiple canpuses. Figure 1 illustrates
the original nodes of this new network [Heart, 1978]. The
ARPANET was viewed as a conprehensive resource-sharing
network that allowed direct use of distributed hardware
services, retrieval from renote, one-of-a-kind databases,
and the sharing of software subroutines and packages not

avai l abl e on the users” prinmary conputer.
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Figure 1. Decenber 1969 ARPANET

In 1973, only four years after the ARPANET, Robert
Metcal fe devised the Ethernet nethod of network connection
at the Xerox Palo Alto Research Center. The invention of
the Ethernet was quickly followed in 1975 by Larry
Roberts’ s devel opnment of Tel enet. Tel enet was the first
commercial packet-switching network that |inked custoners
in seven cities and represented the first val ue-added
network (VAN). During this explosion of technol ogical
advances in the networking world, wreless comrunications
were still being devel oped as well.

The secure comunications wreless technology had
provided for the DOD had proved itself very valuable. As a
result, many busi nesses and schools thought it could expand
their computing arena by expanding their wired |ocal area
networks (LAN) using wireless LANs. The first wireless LAN
cane together in 1971 when networking technologies net

radio communications at the University of Hawaii as a
11



research project called ALOHNET. The bi-directional star
topol ogy of the system included seven conputers deployed
over four islands to comunicate with the central conputer
on the Gahu Island w thout using phone lines. As a result,
wirel ess technology and its use in conputer networks began
its journey into every house, classroom and business
around the world. [JHSPH, 2003]

In the md 1980’s, the nodern Internet gained support
when the National Science foundation (NSF) formed the
NSFNET by linking five superconmputer centers. The NSFNET
made these superconputer resources available to the US
academ c and research community. As a result of the NSFNET
architecture, Figure 2 [NLANR, 1975], regional networks

campus cllents campus cllents
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Figure 2: NSFNET Architecture
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began to develop and the government reassigned pieces of
the ARPANET to the NSFNET. Finally, in 1991, the NSF
allowed the conmercial use of the Internet for the first
time. In 1995, the NSF deconm ssioned the backbone of
their network Jleaving the Internet a self-supporting

i ndustry.

Also during the 1980's, the federal governnent becane
i nvol ved with Wi rel ess net wor ks when t he Feder al
Comuni cati ons Conmm ssion (FCC) proposed the 802.11 as the
| EEE standard for wreless networks. The goal of this
standard is to standardize wreless network devel opnment in
the Industrial, Scientific, and Medicine (ISM frequency
bands. If the devices operating on these frequencies neet
special FCC regulations, they don't require a |icense.
[ JHSPH, 2003]

As a result of this rapid devel opnent in technol ogy,
the distinction between collecting, transporting, storing,
and processing information is quickly disappearing. People
and organizations spread over a wde geographical area
routinely expect to be able to comunicate around the
world. As our ability to gather, process, and distribute
information grows, the demand for ever nore sophisticated
information processing grows even faster. Although the
comput er i ndustry is still young, conmput ers have
revolutionized how the world comunicates. [ Tanenbaum
2003]

The merging of conputers and comruni cations has had a
profound influence on the way conputer systens are
organi zed and used. Because of this, the advances in
conputer technology and comrunication areas once thought

uni magi nabl e now are w de open. Organi zations are working
13



hard to capitalize on these new technol ogies and use them
to expand their know edge base of underwater acoustics.
B. UNDERWATER ACOUSTI CS

Throughout the century, research and devel opnent of
products relating to underwater acoustics has continued to
expand. As tinme has passed, researchers have applied the
technol ogy used for wreless and guided nmedium networks to
expand their comuni cation and understanding of the world' s
vast under wat er wor | d. This section wll provi de
informati on on several ongoing projects that have and coul d

continue to revol utioni ze underwat er acoustic research

The challenges of collecting data in an underwater
environnent are difficult and expensive to overcone. These
difficulties are conparable to the problens and concerns
associated with the higher profile space program As
technol ogy has progressed to namke solid-state el ectronics,
strong corrosion-resistant nmaterials, and nore reliable
sensors, the problens that faced the space program and the
under wat er acoustic arena have shrunk considerably.
However, the power and communi cations needed to support a
robust underwater research environment are still being

tested and devel oped.

Currently, one of the nobst useful tools to study the
worl d’s oceans is a manned subnersible. Thi s submersible
can change batteries, replace equipnent, and retrieve data
from an installation on the sea bottom But nmanned
subnersi bles are scarce, expensive, have a reduced stay-
time underwater, require a l|large support crew and have
[imted conmmunications with the surface. Because of these
l[imtations, research organizations around the world are

experinmenting with better ways to address each of these

14



pr obl ens. As time progresses, nore and nore underwater
scientific observatories have been built and deployed.
These observatories are beginning to be as good as what we

use on | and.

CGeophysical and Cceanographic Station for Abyssal
Research (CGEOCSTAR) was a European project that placed a
platform at the bottom of the Mediterranean for six nonths.
The comruni cations between the surface and the platform was
done two ways. [Alden, 2003] First, they used nessage
buoys that released to the surface where they transmtted
the data. The second nethod was a special buoy that
provides near-real-tine data via an acoustic nodem A
second project <called the New MIlennium Qobservatory
Net work (NeMb) was used off of the Oregon coast. NeMb was
placed in an active underwater volcano and used acoustic
nodem buoy to communicate with the surface. [Al den, 2003]
Bot h CGEOCSTAR and NeMO provide |arge amounts of data with
limted power or comunication problens by physically
connecting the shore and the observatory. This type of
setup is realistic for shallow areas, area close to shore
and when the area of study is small and doesn’t change.

One way to deal with the tethered observation stations
is with the use of autononobus underwater vehicles or AUVs.
AWs are unmanned and untethered conputer controlled
vehicles used to record underwater environnental data and
watch for wunusual events. These vehicles are able to
remain underwater for several nonths and can return to a
seaf |l oor docking station or use a wireless acoustic npdem
to upload their data to the surface. O her nmethods of
studying the oceans include buoys that are subnerged

col l ecting data. At a preprogranmed tine, these buoys
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surface and send their data via satellite to the research
facility. This type of arrangenent works well, but wastes
time and is expensive to operate. O her research projects
are looking at ways to decrease the cost and increase the
productivity of the wreless comunications underwater.
Four major projects dealing with UANs are the Deployable
Aut ononbus Distributed System (DADS), Navy’s undersea
wireless network (Seaweb), Front-Resolving bservational
Network with Telenmetry (FRONT) and the  Autononobus
Cceanogr aphi ¢ Sanpl i ng Network (AGSN)

The DADS is sponsored by the Ofice of Naval Research
and is envisioned to provide underwater surveillance in
[ittoral waters. [Xi e, 2000] DADS are sensors arranged in
a grid that are interconnected by acoustic nodens for anti-
submarine warfare. The system uses Seawebs packeted
telemetry, renote control and interrogation of undersea
instruments to relay its data. The commerci al counterpart
to DADS and Seaweb is known as FRONT and is sponsored by
the National GOceanographic Partnership Program (NOPP) and
the University of Connecticut. [Rice, 2002] Wile the AOSN
is sponsored by the Ofice of naval Research and the
Nati onal Science Foundation, its primary mssion is to
gather data relative to oceanographic anonalies. [Xie,
2000] Each of these projects is a step above the CGEOCSTAR
and NeMO projects because they are untethered. However,
they are using a half-duplex communication channel that
requires a handshake prior to transmitting or receiving
data. This type of protocol increases the delay tinme for a
nessage and naekes it difficult for the receiving station to
get near-real-tine data. This type of protocol wll be

explored in nore detail in a later chapter.
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I11. EFFECTS OF WATER PROPERTI ES ON UNDERWATER
NETWORKI NG

To better understand how UAN s operate, it is
inportant to understand how sound travels through water.
Wat er t enperat ure, salinity, and the depth/pressure
relationship all affect how sound travels in water
Understanding what forces are affecting the UAN is
inportant to learning how the speed of sound, distance
bet ween host s, spr eadi ng | oss, noi se i nterference,
absorption and refraction affect data transfer rates.
Also, a networking system operating in an underwater
environnment brings other variables into play that are not
factors for systens operating in an air environment such as
acoustics and the inpact of marine life on signals. It is
important to understand each of these factors individually
because they all contribute to the overall reliability of
t he networking system
A. H STORY

During the early years of sound exploration, it was
originally thought by sone scientists that sound was
created when the sounding body emtted a stream of “atons”
and that the speed these atons traveled determned the
speed of the sound. This early theory also held that sound
frequency was controlled by the nunber of atonms given off
at any specific point in tine. However, as science
progressed and know edge increased, it came to be generally
recognized that sound travels in a wave fornation.
Equation 1 [FAS, 2000] is one of the fundamental fornulas
for both sound and electronagnetic energy. The only
difference being the value that is used for the constant
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c .

“

For the purposes of this paper c’” wll be the
defined as the speed of sound. It is this theory of waves
and this fundanmental fornula that defines our current

knowl edge of how sound travels in water. [Pierce, 1989]

Frequency(f) = Speed of Sound (c)/ Wavelength(A)
Equation 1: Frequency

The speed of sound underwater is about four tines
greater then that of air. [FAS, 2000] This may seem odd
since physics teaches us that the denser a nediumis, the
sl ower sound travels through it. It turns out that density
is not the main factor in determning the speed of sound in
wat er . Instead, it is the elasticity of the nedium
Elasticity is the ability of a body to resist a change to
its form when an outside force is acting on it and then
removed. The specific concern in water is the volune
el asticity or bulk modulus. Equation 2, [FAS, 2000] is the
formula used to calculate the bulk nodulus. Equation 3
[ FAS, 2000] wuses the bul k nodul us and cal cul ates the speed
of sound for fluids. Even though seawater is nuch denser

Bulk Modulus = Stress/ Strain

Equation 2: Bul k Modul us

than air, the large bulk nodulus is the nost inportant
factor in determning the speed of sound. Because of
this, the conditions of the water now beconme a key factor
in calculating the speed of sound through water. As
studi es have shown, the oceans are not honbgenous and the
conditions change from point to point. These changes in

c= \/BulkModulus/Densily

Equation 3: Sound Speed
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salinity, pressure and tenperature are anong the nost
important characteristics affecting how sound travels

t hrough wat er.

B. TEMPERATURE, SALIN TY AND PRESSURE

Changes in tenperature have the greatest effect on the
speed sound travels. Wth all other factors remaining
constant, for every degree Fahrenheit the tenperature
i ncreases, sound speed increases 5 ft/sec (1.5 neters/sec).
The range of tenperatures throughout the ocean can be as
low as 28 degrees Fahrenheit near the poles to Equator
water tenperatures in excess of 90 degrees Fahrenheit.
Wiile tenperature changes are influenced by oceanic
currents they are fairly predictable and for short
di st ances. However, the effects of depth and Ilarge
di stances on tenperature can be nmuch nore drastic and |ess
predi ctable. [Schm dt, 2003]

Salinity also effects how sound travels through water.
Assunmi ng constancy of all other factors, an increase of one
part per thousand (ppt) of salinity increases the speed
with which sound travels by 4 ft/sec (1.2 neters/sec).
Typically, salinity throughout the oceans of the world
ranges from 32-38 ppt. Overall, salinity changes are
usually gradual and have a mninal effect on the speed at
whi ch sound travels through water. However, an exception
to this rule of thumb occurs near masses of |and or masses
of ice where nore pronounced changes in salinity can occur.
When |arge changes in salinity occur, the speed of sound
traveling through water is affected to a nuch greater
degree. [Schm dt, 2003]

Depth and pressure also affect how sound travels
t hrough wat er. Depth alone has little effect on the speed
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at which sound travels, but when changes in pressure are
added, <changes in the speed of sound occur. Although,
i ndividually, pressure alone exerts a lesser inpact than
that of either tenperature or salinity on the speed at
whi ch sound travels through water. | sol ating the pressure
variable, it can be said that for every 100 feet of depth
added, sound speed increases by a rate of .16 ft/sec (.49
nmeters/sec). [Schm dt, 2003]

Dealing with the tenperature, salinity, and pressure
to derive the bul k nodulus and the density in order to get
the speed of sound, is difficult. Equation 4 [FAS, 2000]
is a sinpler nmethod derived in 1960 that conbines the
effects of tenperature, pressure, and salinity into one
formula. Even though this fornula gives a nore accurate
value for the speed of sound in water, a standard speed of
1,500 ms or slightly less than 1 mle/sec is wusually
assunmed for conputation purposes.

¢ =1449 +4.6T +0.05572 +0.00373 +(1.39 = 0.0127)(S =35) +0.17d

T =Temperature in Celsius
S = Salinity in parts per thousand
d = depth in meters

Equation 4: Sinplified Sound Speed

The rel ationship between the tenperature, salinity and
pressure variables is nmeasured in a table called the Sound
Speed Profile. The Sound Speed Profile (SSP) charts the
expected behavior for the speed of sound in water as
respective variabl es change. Figure 3 [NROTC, 2002] shows
a typical sound speed profile. Al t hough the water is not
constant in its representation of each variable, there are
some general occurrences that can be expected. Usual |y,

the volatility of the wave action on the surface creates a
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relatively flat SSP. Beneath the surface layer and to a
depth of about 250 feet is a seasonal thernocline with a
mai n thernocline energing beneath that. Up to this point,
tenperature is the main influence on sound traveling in
wat er . But goi ng deeper beneath the main thernocline, the
tenperature begins to even out and depth and pressure
become the dom nant factors affecting how sound travels.
[ Schmi dt, 2003]
Speed of Sound

Seasonal Ther nocli ne

Per manent Ther nocl i ne

Dept h of
Wat er
(rmeters)

Deep | sothernal Layer

Figure 3: Typical Sound speed profile

C. EFFECTS ON NETWORKS

A discussion of wunderwater networking wouldn’t be
conplete wthout addressing how changing the physica
network environnent from one of air to one of water
specifically affects the networking process. The

properties of water alter crucial factors such as how sound
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travels and how data is transmtted. Air and water have
different inpacts on how sound travels and as such, direct
conmpari sons cannot be nade. Instead, it is inmportant to
eval uate the differences between the variables. Di fferent
reference levels mnust be used to evaluate sound noving
through air verses sound traveling through water. Also, as
menti oned previously, sound traveling in water noves al nost
four tinmes faster than sound traveling through air. This is
due to the fact that the velocity of sound is nostly
affected by the elasticity of the medium through which the
sound is traveling. Gven the same tenperature, sound
generally travels fastest in solid materials, a little
slower in liquid and the slowest in gases. Air tenperature
also has an effect on sound velocity. The velocity of
sound in air at 32° F is 1087 fps and for each degree
Fahrenheit that tenperature rises, 1.1 fps is added to that
nunber increasing the speed of sound consistently as air
tenperature rises. Water, by contrast, exerts constantly
changi ng conditions upon the speed at which sound travels
as sound noves between different bodies of water wth
different depths and tenperatures, or across the oceans
causing bends in the sound waves. [ Schm dt, 2003] Wi | e
sound speed is a critical issue to network connectivity, an

additional nmjor concern of wunderwater sound is signal

| osses.
D. SOUND DEGRADATI ON
Sound traveling through water is wvulnerable to

degradation from a variety of factors. Primarily, the
factors of spreading |loss, noise interference, absorption
reflection and refraction nust be considered. Any one of
these factors individually can effect change to the sound
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speed. In cases where two or nore of these factors
conbi ne, the change becones that much nore exacer bat ed.

When sound travels in water, it is affected by
spreading |loss. Since water disperses the sound wave in an
omi -directional fashion, the energy of the sound wave is
diluted and scattered in deeper waters. This is expressed
in equation 5. [Schm dt, 2003] TL represents transm ssion
loss and r represents the distance from the source.
Shallow waters alter t he shape in whi ch sound

TL =20 log(r)

Equation 5: Deep Water Transm ssion Loss in dB

waves travel and cause them to travel in a different way.
The sound wave will emt in the sane omi-directional way
as in deeper waters, but shallow waters inpose boundaries
on the shape when the wave reaches the bottom and the
surface |evel. The resulting shape is a cylinder
Equation 6 [Schmdt, 2003] is a forrmula illustrating the
change for shall ow water
TL =10 log(r)

Equation 6: Shallow Water Transm ssion Loss in dB

Noi se interference is another factor that should be
consi dered when di scussing how sound travels through water
Background noise can interfere with how a signal is
received and can conme from a variety of sources both man-
made and natural. Anbient noises can result from operating
noi ses of equipnent, propellers and notors of nearby
vessels, or noises created from the friction of water
flowing around the equipnent being used. Typically, noise
interference can be broken down into four categories:

hydrodynanmi ¢ noise, seismc noise, ocean traffic, and
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bi ol ogi cal noise. Hydrodynam c noise is created by weather
forces such as tides, winds, currents and storms. The nore
volatile the weather conditions, the nore noise that is
created fromthese forces. Seismc noise in generated from
geol ogic novenents in the earth. Al t hough this form of
noi se does occur when earthquakes happen or plates nove, it
is not as conmon as the other forns of noise interference
and a mnor source by conparison. Ccean traffic refers to
the nunber of ships and their distance from a given area

Hi gher frequencies emanating from ships have a nore |limted
scope of travel, but the lower the frequency, the farther
it can travel, especially in deep water. Bi ol ogi cal noi se
is created by living organisns as they nove through the
wat er generating turbul ence and producing their own sounds.

Crustaceans produce sound by snapping their claws together.

Shrinp can generate sounds between 1-50 kHz. Fi sh produce
sound by bunping into each other, noving fins, and feeding.

These frequencies can range from 50-8000 Hz. Mar i ne
mamral s produce sound through either vocal cords or nasa

sacs. [FAS, 2000]

Absor pti on, reflection and refraction are other
factors which affect sounds’ ability to travel through
wat er . Absorption occurs when the water itself absorbs
some of the energy of the sound wave. This dilution of the
sound energy weakens the original sound wave. Hi gher
frequencies are affected to a greater degree by absorption
than |ower frequencies. Equation 7 [FAS, 2000] accounts
for the effects of spherical spreading conbined wth
absorption |osses where “a” is a frequency dependent

constant with units of dB per unit distance.
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TL =20 log(r)+(a*r)
Equation 7: Spherical Spreading and Absorption Losses

Anot her area of concern is refraction. This is the
bendi ng of a sound wave as it travels and neets nedi uns of
different densities. Since seawater can have varying
densities, this <creates a problem for the effective
transm ssi on of sound waves. FEach tinme the wave encounters
an area of varying density, the wave will bend slightly and
alter its trajectory. Usually the course of the wave bends
towards the area of greater density. [ Stallings, 2002]
Even though the wave is bent, there is a loss of energy
causing the signal to be degraded. Even though the | osses
are slight, they are still inportant.

Refl ection, on the other hand, is the redirection of a
sound wave by an object. Whenever the sound wave cones
into contact with a solid object, the object encountered
will cause the sound wave to bend and change directions
In an open ocean environnent, this can be the result of
passi ng ships, shipwecks, marine |life, underwater geol ogic
structures, archeological ruins, and underwater exploration
projects. [Stallings, 2002]

D. SUMVARY

Sound traveling in water is very different from
sound traveling in air. There are nunerous factors that
must be taken into account that affect the speed of sound
and how data will be transferred. This chapter provided a
brief glinpse into the wunderwater acoustic arena. The
remai nder of this paper is going to assune a speed of

approxi mately 1500 neters/sec.
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| V. ESTABLI SHMENT OF A FULL- DUPLEX UNDERWATER

NETWORK
Currently, nost UANs still utilize half-duplex
comuni cations with a contention-based protocol. The use

of a full-duplex network nmay greatly enhance the overall
efficiency of the UAN. The purpose of this chapter is to
show the advantages of a full-duplex underwater network.
It will also detail the setup and testing of underwater
acoustic nodens in a full-duplex configuration.
A, FULL- DUPLEX VERSUES HALF- DUPLEX

Conmpared to a half-duplex configuration, the full-
dupl ex network may provide a better networking environment.
To explain this statenent, a brief description of both
network configurations is in order. First, an underwater
hal f-duplex configuration wuses a collision avoidance
(handshake) based protocol to transfer traffic and avoid
col | i sions. Uilizing a sinple network with two nodes, A
and B, a nessage transmssion will be initiated when Node A
sends a ready to send nessage (RTS) to node B. Wen Node B

receives the RTS it wll then send a clear to send nessage
(CTS). After Node A receives the CIS it will start sending
its data. Wen Node B receives the data it wll

acknowl edge (ACK) the receipt based on the type of protocol
bei ng used. Figure 3, is a visual diagram of a contingent

(handshake) based protocol.

RTS >
Node A 1|- (-:TS Node B
C) ransmt Datag <)
ACK

<

Figure 4: Contingent Based Protocol
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Using this nodel, the total transmssion tine of the

nessage can be cal cul ated using the follow ng fornul a:

= TyRTS) + P(RTS) + T(CTS) + P(CTS) + T(DATA) + P(DATA) +

T.(ACK) + P,(ACK)
= TyRTS + CTS + ACK) + T(DATA) + P(RTS + CTS + DATA + ACK)
=T(DATA) + 4*P:
Assume tha t T(RTS + CTS + ACK) is ne gligible a nd goes to zero
Assume co nstant pro pogation time P«(RTS + CTS + DATA + ACK) = 4*P:
T: = Transmissi onTime

P: = Propogatio nTime
Equation 8: Transmi ssion Tinme for a hal f-dupl ex signal

These delays will only be negligible when they are conpared
to |large propagation delays. The collision avoidance based
protocol of a half-duplex network is used to help elimnate
collisions. Wth a half-duplex configuration, when a node
is transmtting, it utilizes the entire bandw dth of the
channel . Wen using a full-duplex network the bandwidth is
split and conmunication channels are assigned to receive
and transmt data. Each node has at |east one channel for
transmtting and one channel for receiving data. Thi s
configuration allows a node to transmt its data wthout
sending out an RTS and then waiting for a CIS signal. Wth
dedi cated channels there wll be no collisions and the
overhead associated with the half-duplex contention based
pr ot ocol is elimnated. Wthout wusing any type of
mul ti pl exing, these dedicated channels wll reduce the
efficiency of the data transfer because the bandw dth has
been split. However, by using TDVA, FDVA, or CDVA this
problem nay be mnimzed and the full-duplex network will

be able to utilize the entire bandwidth just like a half-

28



dupl ex network. Using the same nodel as the half-duplex
configuration, the transmssion tine of the nessage can be
cal cul ated as foll ows:

=T(DATA) + P(DATA) + T((ACK) + P(ACK)

=T(ACK) + T(DATA) + P(DATA + ACK)

=Ty(DATA) + 4*P:

Assume tha t T(ACK) is n egligible and goes t o zero

Assume co nstant pro pogation time P.(DATA + ACK) = 2*P.

T: = Transmissi onTime

P: = Propogatio nTime
Equation 9: Transmi ssion tinme for a full-dupl ex signal

The transm ssion delay experienced in this equation
will be increased as a result of the reduced bandw dth
associated with a full-duplex configuration. However, by
elimnating the overhead associated wth a half-duplex
configuration these increased transmssion delays are
i nsignificant when conpared to the reduction in propagation
del ays the network wi Il experience.

From these fornulas, it is easy to see that a full-
duplex network will provide a smaller total data transfer
time as long as the transmssion of the data is constant
between the two configurations. In fact, the speed is
doubl ed because of the reduced propagation tine. But, even
if the transmssion rate is |ower the full-duplex
configuration wll still have a nore responsive data
delivery. In both guided nedia and traditional wreless
settings, the propagation tine is normally negligible and
is often times ignored. However, propagation delays in
water are significant and play a domnant role in the speed
that data is transferred. Using this information, a full-

dupl ex UAN was configured for testing.
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B. EQU PMENT TO CONFI GURE A UAN MOVE THI S TO THE NEXT PACE

A full duplex UAN was established using four Desert
Star renote base station one (RBS-1) acoustic nodens. The
RBS-1 has a 34 kHz to 41 kHz omi-directional sonar
transducer, with a range of 100-1000 neters (determ ned by
sea conditions), multi-frequency shift keying nodulation
and a bit rate of 15-150 bits per second. [Desert Star,
2001] The nodens used acoustic nobdem software (AMdden)
that allowed the user to vary the receive speed, transmt
speed, transmt power, transmt pulse |length, receiver
gain, receiver detection threshold, receiver filter nunber,
and the checksum st at us.

Each of these elenents is inportant to the proper setup and
operation of the acoustic nodem The user can choose to
use the default values or to change the val ues as needed to
better calibrate the acoustic nbdem Table 1, [Desert
Star, 1998] shows the data exchange speeds that the npbdem
can use. Data transm ssion was nore reliable at the |ower
speeds and the default setting is 1 for both transmt and
recei ve speeds. The next elenent was the transmt power
with a default power level of 255. A transmt power of 255
units is equivalent to a source |level of approximtely 185
dB re. 1pPa. The units used indicate the decibels (dB)
relative to the reference intensity (often abbreviated as
dB re 1pyPa or dB//1pPa). Taking half of the nunber wll
reduce the transmt power by about 6 dB. In high echo

environnments, the power |evel should be reduced, while in

| arge areas a higher power setting should be used. The
third parameter for transmission that the user wll select
is the transmt pulse |[|ength. This is measured in
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m croseconds and has a default

 ength

strength signal

be

usef ul

is below 3000 ps the

in

However,

short

cl osed/ hi gh- echo

selecting the desired values for

the nodem

t he user

for the receiver.

can now sel ect

recei ver

setting of 4000 ps. | f

w |

envi ronnents.

the transnmt

not see a full

pul ses save energy and can

Af ter

portion of

the desired paraneters

Speed Pi ng Equi val ent | Work Transmit | Effective Envi r onnent
W ndow Bit Rate Ti me Data Rate
0 260 ns 15 1400 ns 11 baud Al'l. | ncluding
bits/sec hi gh- echo pool s
and tanks

1 104 s 38 560 ns 29 baud Har bors, shal | ow

bits/sec water, etc.

2 52 s 77 280 ns 57 baud Har bors, shal | ow

bits/sec water, etc.

3 26 s 153 140 s 114 baud | Sone open ocean

bits/sec applications and
Dry tests
(transm ssion
t hrough air)

4 760 ns | 5 bits/sec 4400 ns 4 baud Transmit when
conmuni cati ng
with EMO unit.

5 314 ns 13 1820 ns 9 baud Transmit when

bits/sec conmuni cati ng
with EMO unit.

6 104 ns 38 560 s 29 baud Transmit when

bits/sec conmuni cati ng
with EMO unit.
Tabl e 1. Data Exchange Speeds
The first paraneter is the receiver gain with a range
or 0 to 3 and a default value of 2. Each step size is 10db

and the gain increases as the nunbers get
receiver
receiver

def aul t

of

gai n
can be set.
16.
of the receiver

is set,

decr eases

As the val ue

the detection
It has a

is
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at 2 and the threshold set at 16 the equivalent source
level is approximately 110 db. This is the mnimm |evel
at which the nodem can detect a signal. The receiver
filter has a range of 0 to 5 with a default of O that can
be programred for different bandwidths. This filter allows
the nodem to filter out unwanted signal. However, if a
unwanted signal is blocked there is no guarantee that the
desired signal will not be blocked at the same tine. To

set this, the nodem nust be in the testing environnment and

the wuser wll experinent wth the settings until the
desired setting is found. This setting will balance the
need of elimnating noise and still allow receipt of the
information signal. The final selection is to have the

checksum on or off. The default is 1 which |eaves the

checksum on. If the checksum is on, words with invalid
checksuns (errors) are ignored. In order to determne if
there may be sonme background interference, it may be

hel pful to turn the checksum off and see what kind of data
the receiver is picking up. The paraneter information
provi ded cones from the AMddem reference manual. [Desert
Star, 1998] Whil e each of these paraneters is inportant,
there are still limtations to using the nodens in a full-
dupl ex configuration. In order to correct t hese

limtations, sonme software changes were added.

The driver software for this nodem is witten in C
targeting an 8-bit processor architecture. In order to use
the nmodems in a full-duplex configuration, the original
software was nodified slightly by Chaiporn Dechjaroen, a
research assistant at the Naval Postgraduate School, to
allow the wuser to determne what transmt and receive

frequencies were to be used. These software nodifications
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were designed to take advantage of the built-in transducer
frequencies and give the «custoner the flexibility to
operate the nodem in different frequency ranges. Table 2

shows the assigned frequencies for each channel.

Channel # Freguency Hz
Transmt Channel O 33898
Transmt Channel 1 36364
Transmt Channel 2 38462
Transmt Channel 3 40816
Recei ve Channel 0 33898 - 5000 ( Sideband)
Recei ve Channel 1 36364 - 5000 (Sideband)
Recei ve Channel 2 38462 - 5000 (Sideband)
Recei ve Channel 3 40816 -5000 (Si deband)
Default Transmit and 4000
Recei ve

Tabl e 2: Assigned Channel Values for the RBS-1

To access the nodem paraneters and operate the
acoustic nodem the user has to access the AMbdem software
using Wndows Hyper-Term nal. The user connects an
acoustic nodem to a conputer using a serial port. If a
serial port is not available, a serial to USB connection
can be used. By using a USB connection, it allows one
conputer to control multiple nodens. After connecting the
nodem and the conputer, open a Hyper-Term nal connection.
The user wll choose the appropriate comunications port
and enter the paraneters shown in table 3. After assigning
the set-up paraneters, the nodem will be turned to the on
position and Hyper-Term nal establishes a link with the
nodem and brings up the control node screen. Any change in
the nodem paraneters nust be acconplished in the contro
node. Once the paraneters are set, the user wll enter
into the data node. Once in the data node, anything typed
on the keyboard will be transmtted. Wile the nodens are
not difficult to operate there can be probl ens.
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Bits per second |1200
Data bits 8
Parity None
Stop bits 1

FI ow cont r ol Xon/ Xof f

Table 3: Port Settings for Hyper-Term nal

A problem was encountered when the nodens batteries
ran down and needed charging. The initial thought was to
sinply plug theminto the chargers and let them go. After
approximately twenty-four hours of charging the nodens were
still dead. After careful exam nation of the user’s manual
and a phone call to Desert Star the problem was solved. It
turns out that in order to charge the batteries each nodem
has to be accessed via the D veterm software and the
program changed from AMbdem to Smartdive. As soon as
Smartdive is accessed and the nodens are plugged into the
chargers the batteries were recharged in approximtely 4
hour s. After charging the batteries the user nust access
then use Diveterm and change the program back to AMbdem in
order to access the nodens using hyper term nal.

To assi st in fully testing t he full -dupl ex

configuration, tw Benthos nodens from the nechanical

engi neering departnment were also used. The first nodem
consists of a Telesonar ATM 885 printed circuit board (PCB)
| ocated in the autononous underwater vehicle (AW). The

PCB is the electronic package that connects to the
transducer nounted on the AUV. The transducer is an AT-421
directional transducer. The AT-421 transducer has a
frequency range of 9-14 KHz, +190 dB acoustic source |evel,
35 dB preanp gain and a depth rating of 6000 neters. The

second nodem consists of an ATM 891 topside Tel esonar nodem
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and an AT-408 Omi directional transducer. The transducer
has a frequency range of 9-14 KHz, +180 dB acoustic source
level, 35 dB preanplifier gain and a depth rating of 2000
net ers. The paranmeter information provided comes from the
Benthos website. [Benthos, 2001] The Benthos nodens
automatically run a test program each tine they are put
into use. This test program checks the environnment and
provides the user with the paraneters the system needs to
ensure that an optinal data transfer link is established.
Having all of the equipnment in place, the next step was to
set-up and test a full-duplex network configuration.
C. | MPEMENTATON

There were several different inplenmentation schenes
that were instituted while conducting this research. The
first part of each test verified that the nodens were
oper ati onal . After verifying the nodens worked in a half-
dupl ex configuration, they were configured as described in
figure 4. Using the test plan in Appendix A, the testing
of the full-duplex network was started. The testing used
table 3 to record if data was received or not and table 4

was used to set transmt and recei ve channel s.

Modem 1: Modem 3:

Transmit Channel A Transmit Channel A
Recei ve Channel A Recei ve Channel A
Modem 2: Modem 4:

Transnit Channel B Transnit Channel B
Recei ve Channel B Recei ve Channel B

Figure 5: Transducer Arrangenent
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Speed 0 RECEI VE Speed 1 RECE| VE
( Modent) ( Mbdent)

Channel o112 |3 Channel 0 1 2 |3

(z wapan)
1 INSNvSL
(z wapan)
1 INSNvSL

WIN| O
WIN|—| O

Table 4: Table to Verify Functionality of the Software

Mbdem Nunber Transm t Channel Recei ve Channel

AW IN |-
w |O |w |O
w [O |w |O

MW IN [P
W |k W |
W |k W |

AW IN |
W N [N
W N [N

0
2
1

MW |IN [P
N O W |-

3

Tabl e 5: Assigned Channel Nunbers
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1. Experinent One
The initial testing of the nodens went well as all
four nodens operated as advertised in the half-duplex node.
After verifying the nodenms were working, a series of tests
began using the assunption that transmt and receive
channels could be individually selected. To test this
assunption, two pairs of nodens were configured in a bucket
to sinulate a full-duplex network. After numerous attenpts
and extensive testing of the nodified software, the nodens
did not operate as expected or desired. The result of this
test was inconclusive and warrants further investigation.
In an effort to reduce the nunber of variables, the next
step was to verify the initial success of a half-duplex
network wth two nodens. The results of this test showed
that when we transmtted on a given channel, the data was
received on all the channels which indicated a potentially
fundanmental flaw in the software. Qur next step was the
review of the software coding in an attenpt to isolate the
pr obl em The software was tested exhaustively in a dry
environnment and the results are shown in Appendix B. After
the tests were conpleted, the data was analyzed, and the
nodem nanufacturer (Desert Star) was contacted, it was
t hought that the failure could be attributed to the size of
t he bucket that was used. In other words the area was too
smal | and the power overwhel ned the receive transducer. It
was also believed that a larger area would elimnate this
pr obl em Wth this information, a second series of test
was schedul ed.
2. Experinment Two
The second experinment took place in a |arge water tank
constructed of nmetal wth no danping tiles installed.

Based on the previous results, the first critical test was
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to verify the wuse of the nodens in a half-duplex
configuration. This test failed to produce any neaningfu

results since the nodenms were unable to talk with each
ot her. There was no conmmunication detected between two
nodens with the same transmt and receive frequency.
Several different scenarios were tried to establish a data
link with no luck. The final conclusion was that the netal
tank caused too nuch of an echo and as a result of the
echo, a data link between the nodens was not established

Thi nking that sonmething may be wong with the nodens, the

experinment noved to a pier on the Mnterey Bay for further

testing. A partial data link was obtained when testing
began. However, the transmtted frequencies were still
received on all channels. Not willing to believe that the

experinments had failed, the nodenms were taken to the
Monterey Bay Coast Guard pier and tested in a half-duplex
configuration. The test showed that the nodens worked, but
with a high degree of error. However, after approxi mately
15 mnutes, the data links were lost and no communications
were available from that point until the experinent was
cancel ed. Not understanding what was going on, it was tine
to regroup. A third set of experinments was established to
start over fromthe beginning.

3. Experinment Three

Back in the networks | ab (Spanagel Hall Room 238), at
the Naval Postgraduate School, a 20" X 14” container was
filled with water and two nodens setup as illustrated in
figure 5. After conpleting the setup, the nodens were
tested and the results showed that the two nodens
communi cating wth each other. The next step was to

determine if the receive nbdem could receive data sent on a
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different frequency. Once again the nodenms received the

data without regard to the frequency.

Pl asti ¢ Cont ai ner
20" X 14~

PR <:> . I 4"I

Figure 6: Experinment Three Hal f-Duplex Configuration

However, with the proximty of the nodens in the container,
it was thought that the transmtter was overpowering the
receiver. To test this theory, the nodens were taken to
Lake Elestero in Mnterey, CA and tested. The transducers
were placed in the water from a fishing pier approxi mtely
2 feet apart. Both receive and transmt channels were set
to 0 to verify the operation of the nodens in a half-duplex
configuration. After the initial operational test, one of
t he nodens was placed on channel 3 and the other on channel
0. This test again showed that the nodem received data
wi thout regard to the transm ssion frequency. These tests
i ncluded increasing the distance between the nodens to try
and alleviate the possibility of overpowering. The act ual
results are presented in Appendix C This test reaffirnmed
that these nodens have a receive filter that is not capable
of distinguishing between the frequencies of the channels
bei ng used. Wth this in mnd, a fourth experinent was
devel oped using two Benthos nodens and two Desert Star
nodens.

4. Experinment Four

In order to try and prove that the receiver
sensitivity of the Desert Star nodens was the problem a
test was established using two Benthos nodens (9-14 KHz)
and two Desert Star nodens (34-41 KHz). By using a w de
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bandwi dth range, the sensitivity shouldn’'t have affected
the receiver. In theory, the receiver should be able to
di stingui sh between the Benthos and Desert Star nodens and
not register any data that is transmtted for the Benthos
while receiving data from the second Desert Star nopdem
The test was set up and the Benthos nodens tested
successfully in half-duplex node. However, the Desert Star
nodenms would not function in the test facility. After
changing the receiver threshold and other paraneters, it
was determ ned that the background noise was interfering
with the data. In order to verify the nodens
functionality, they were placed in a bucket of water at the
lab facility and again tested. The sanme results were
achi eved. After turning off the checksum a continuous
stream of data was observed. This stream ng data verified
that there was background interference. Even though the
test was not successful, one note of interest was that the
Bent hos nodens did not receive any background noi se or data
during the test. The nodens were then successfully tested
at Lake El estero.

5. Experinment Five

A final test was run to show that a full-duplex
network using four Desert Star nodens was not feasible as
they are currently configured. To test this theory, the
nodens were again taken to Lake Elestero and tested. The
transducers from nodens one and two were placed in the
water from one of two fishing piers approximtely 2 feet
apart. The transducers for nodens three and four were
placed in the water from the second pier which is
approximately 75 feet from the first pier. Figure 7
illustrates this layout. To verify that the nodens worked

in a half-duplex configuration, both receive and transmt
40



channels were set to O with a speed of 0 on nodens one and

Approxi mately 75 feet

@
@)

<

Figure 7: Layout for Experinment Five

four. Testing was done and they nodens received the sent
data with minimal errors. Mdemfours transmt and receive
channel was changed to 3 and the nodens retested. Thi s
time the data sent was received with no errors. The next
test was with three nodens. Modens one and two were used
to transmit on and nodem four was used for receiving.
Modens one and four were set to channel O for transmt and
receive while channel two was set to channel three. When
data was sent from one and two sinultaneously nodem three
received less then fifty percent of the data. The final
test was with four nodens. Modens one and three were set
to channel 3 for both transmt and receive while two and
four were set to channel O. This tinme the data sent was
not received. The actual results are presented in Appendi X
D. This test reaffirmed that these nodens have a receive
filter that is not capable of distinguishing between the
frequencies of the channels being used with the settings
used.
D. SUMVARY

After conducting several tests using the Desert Star
nodens, a full-duplex configuration was not achieved. | t

is believed that the receiver sensitivity on the current
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version of the Desert Star nodens would not allow this type
of configuration. However, nore testing is needed to
conpletely rule out the possibility of a full-duplex
configuration. This testing should include changing the
control values of the nobdem or trying and use the Benthos
and Desert Star nodens in Lake Elestero or Mnterey Bay.
Anot her solution would be to configure four nodens that

have a npre sensitive receive filter.
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V. A NEW UAN PROTOCOL

In order for a full-duplex network to be useful, the
network mnust fully wutilize the channel bandw dth. To
acconplish this, a protocol using a tine division multiple
access (TDWR), frequency division multiple access (FDVA) or
code division nultiple access (CDMA) system nust be
i mpl enent ed. Since the network is wreless and |ocated
underwater, the use of a time based system is not truly
reliable because of the delay in synchronizing the clocks.

However, a system based on FDVA or CDVMA does not rely on

time and can be acconplished. CDVA will be explored as a
viable option in a follow on project. Therefore, this
chapter wll look at wusing a demand assigned nmultiple

access system (DAMA) with an FDVA protocol to enhance the
utilization of the network. One of the major parts of this
new protocol wll be the DAVA system

A.  DEMAND ASSI GNED MULTI PLE ACCESS ( DAMVA)

The DAMA system is a nethod that allows direct
connection between any two nodes in a network anmong nany
users sharing a I|imted "pool" of frequencies. DAVA
supports full nesh, point-to-point or point-to-nultipoint
comuni cations allowing users to connect directly to each
user within the network. The results are an econom cal and
flexible use of the limted frequency bandwi dth that has
been allocated for this network. This procedure reduces
the wasted bandwi dth that a network experiences when the

full bandwi dth is divided evenly between the channels.

In a DAMA  system t he net wor k al | ocat es a
comuni cations bandwdth to each node from a pool of

frequencies on a demand-assi gned basis. Each sensor node
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is assigned a private channel to the nmaster node to
transmt their data and request services. The master node
functions as a storage depot and when it receives a nmessage
from the sensor node it wll determine if a Ilarger
bandwi dth is needed. If a larger bandwidth is required the
master node wll then establish a channel, wth the
appropriate bandw dth, between the originating site and the
master node. This new channel assignnent will be broadcast
form the naster node addressed to the appropriate sensor
node for action. This assigned channel will only be active
as long as data is being transferred. After the data has
been sent, the channel is disestablished to free up the
bandw dt h. This bandwidth is then placed back into the
pool for use by another user. By allocating resources on a
demand basis, a single master node with a l[imted bandw dth
provi des connectivity for several thousand subscribers.

By using a DAMA system a network can be setup to save
the users noney, optimze use of limted bandw dths, and
can increase data flow through the network. For underwater
network applications, many users conpete for very limted
conmuni cati ons resour ces. DAMA' s i nher ent net wor k
managenent capabilities provide positive control of those

scarce resources. Usi ng the pseudo code [G bson, 2003] in
Appendi x E, nethodologies of DAMA and FDVA a new UAN
protocol wll be developed for wuse on a full-duplex

under wat er net wor K.
B. PROTOCOL CONCEPTS

By conbining the fundanmental principles of an FDVA and
DAMA system the new underwater protocol wll have a
profound effect on how data is transferred. Figure 7 wll
be used when describing the setup of the new protocol. The
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‘A" conmunication line wll be used to represent the

private transmt channel from the sensor node(s) to the

Sensor Node 3

Sensor Node 2
Mast er Node

Sensor Node 1

Fi gure 8: Sanpl e network

mast er node. Wiile the ‘B conmunication |ine represents
the transmit channel from the master node to the sensor
node(s). Channel ‘B will be a comon channel to all of
t he sensor nodes and any nessage sent by the master will be
broadcast to all the nodes. However, in this nessage the
master node will specify which sensor the nmessage applies
to. The data sent on the master nodes channel wll be the
control data for a specific sensor node(s). Al of the
ot her sensor nodes will sinple disregard it. The nunber of
nodes is arbitrary and the protocol wll be able to
accommodate as nmany nodes as the bandwi dth of the network
will allow The sensor nodes private channel wll have a
size capable of carrying up to 128 bytes of information.
Wiile the master nodes channel wll only be capable of
carrying up to 64 bytes of information. These val ues are
only rough estimates and can change as the protocol is
eval uated. The sensor node(s) private channel will carry a

nessage with data attached. The header file of the nessage
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will contain the origination address, destination address,
size of data packet, distance between nodes, and the
nmessage transmt tine. Each of these itens will play an

important role in the efficiency of the network.

The easiest way to explain how the protocol wll work
is by walking through an exanple. For this exanple, the

foll ow ng assunptions will apply:

* Have an established underwater network wth the
routing tables conpleted. Therefore, each node wll
know who its neighbors are and how far apart they
are from each ot her

* Nodes will be full-duplex allowing them to transmt

and receive sinultaneously. [G bson, 2003]

 Master node wll only send control data to the
sensor node after it has received a data nessage.

* Nodes will be able to reconfigure both dynamcally

and autononously. [G bson, 2003]

e Transmission rates ny change dynam cally depending
on the nunmber of extra channels a sensor node has
been given by the naster node.

e The connecti ons between the nodes are wirel ess.

To start the process, the sensor node will gather data and
generate a nessage. The nessage that is generated will be
sent to the master node. The master node wll determ ne

how long it took to receive the nessage and how much nore
data is needed to be sent. Wiile this is happening, the
sensor node is transferring another packet of the data.
The master node will quickly determne the optinmal size of

the channel needed. The master node will then allocate
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additional channels to the sensor nodes, via a broadcast
nessage on the nmaster nodes outgoing channel, in order to
expedite the delivery of the incom ng data. At the sane
time this nmessage is coming in fromthe first sensor node,
the second and third nodes may also be sending their
traffic. The master node will receive all the traffic and
reply, via the comon control channel, on a first cone

first serve basis. After the sensor node has transmtted

all of its traffic, it will drop the additional channels
assigned and the master node wll put them back into its
pool for future use. It is possible for the nmaster node to

run out of additional channels to augnent a sensor node
I f the master node does not have any avail able channels to
all ocate the sensor nodes will continue to send with their
ori gi nal channel si ze. However, as channels are
real |l ocated back to the master node, they can be turned
around and wused again wth another sensor node. Thi s
process wll <continue as long as there is data being
transferred back and forth between the master and sensor
node(s) . In an effort to verify the validity of this
protocol, a basic sinulation design program was chosen to
nodel the network and the protocol.
C. S| MULATI ON TOOL

Instead of witing a low level simulation program to
test the new protocol, a search for a sinmulation nodeling
agent was | aunched. This search included the eval uation of
several sinulation progranms and packages. After several
attenpts, OWNeT++ (Qbjective Mdular Network Test Bed in
C++) was chosen. The user manual offered a review of how
OWNeT++ conpared to other commercial and non-conmrercial
simul ati on packages.[Varga, 2003] After reviewng the

seven criteria for conparison OWeT++ was determined to be
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the nost useful. It also proved to be the easiest to
learn, was free for academ c use, offered a wide array of
pre-devel oped nodels and was nodul ar. Each of these
elenents is inportant to being able to quickly build a
network and test it wth mniml effort to the user.
OWNeT++ can be used for networks design by nodeling traffic
flow, protocol s, gueui ng, and hardware architectures

[ Varga, 2003]

OWNeT++ si mul ati ons al so allow different user
i nterfaces for debuggi ng, denonstration and bat ch
execution. Al so avail able are advanced user interfaces.
These interfaces allow the user to start/stop sinulations,
change variabl es/objects inside the nodel and nake the
inside of the nodel visible to the user. The user
interfaces also nake denonstration of how a nodel works
easy. OWNeT++ is one of many new programrng sinulators
that that has been developed to take advantage of
nmodul arity.

OWNeT++ uses hi erarchically nest ed nmodul es to
illustrate the logical structure of the network being
nodel ed by the user. These nodul es can have paraneters
that are used to custom ze node behavior, create a flexible
network topology, and allow nodules to communicate and
share comon vari abl es. The |owest Ilevel nodules are

call ed sinple nodul es and are provided by the user.

These nodul es contain the algorithms in the nodel and
are i mpl enent ed as co-routi nes. Duri ng si mul ati on
execution, these sinple nodules appear to run in parallel
In order to wite these nodules, the user needs to be able
to use C++ and have an understanding of the NED |anguage

NED i s a | anguage used by OVWNeT++ to describe network nodel
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topologies in a discrete event sinulator. NED is a network
nodel i ng | anguage that contains an efficient way to create
paraneterized and flexible network topologies quickly and

easily.

As di scovered, one of the nmmjor problenms with discrete
event sinulators is that there exists a wde range of
options and support in describing the topology of the
net wor k nodel . In fact, sone simulators do not provide
explicit support for developing a network topology or the
graphical interfaces are limted. If no graphical interface
is available the topology is enbedded in the code which
allows for a nore conplex topology, but at a cost. Al so
if the simulation tool does provide a graphical interface,
it normally only allows the creation of a fixed network
It doesn’'t allow for a dynamcally changing network (i.e
the nunber of nodes change). This can be solved by
programming the code to generate the topol ogy; however as
with the enbedded systens, this is costly. It makes for a
conplex program that has lost its «clarity. NED is a
powerful tool that is used to assist the user in devel oping
a working network simulation. It is sinple descriptive
| anguage that allows the user easy control of different
net wor ki ng el enents. The user can specify the paraneters
to be used by the conmponents in Figure 8 [Varga, 1997]

- —> number of components

interconnection structure component types

Figure 9: User Defined Parts of the Network Topol ogy
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Specifying the paraneters to use in developing the
nodul es needed is a nmulti step process that is defined by a
textual network description using NED. This description
contains sinple nodule types, describes conmpound nodule
types and a network definition that instantiates a conpound
nodul e. Figure 9 [Varga, 2003] is a sanmple of a sinple

nodul e. The only portion needed from the user s

si mpl e TokenRi ngMAC
par aneters:
THT, address;
gat es:
in: from higher | ayer,
from net wor k
out: to_higher_|ayer,
t o_net wor k;
endsi npl e

Figure 10: Sinple Mdule

the paraneters of the nodule and the gates. After creating
a sinple nodule, the next step is to produce conpound
nmodul es. These nodules are conposed of one or nore
subnodul es that can be either sinple or conmpound nodul es.
In addition to paraneters and gates, the user wll also
need to specify the subnodules being used and the
connection within the nodule. Figure 4 [Varga, 2003] is an
exanpl e of a conpound nodul e. The final step is an actua
simul ation nodel that is created as an instance of a nodul e
t ype. Figure 5 [Varga, 2003] is an exanple of a nodule

i nst ance.

After the network topology is set up in the NED files,
they are added to a visual studio project containing the
programmed al gorithns. In the OWeT++ simulator, the
textual nodel description is conpiled into C++ code and

linked into the sinulator executable with the other C++
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files. The sinmulation is now ready to be run. OWNeT++
al so provides a full suite of debugging tools that can be

used to troubl eshoot with. This is a very brief overview

nodul e TokenRi ngSt ati on
par anet er s:
mac_addr ess;
gat es:
in: in; out: out;
subnodul es:
mac: TokenRi ngMAC
paraneters: THT=0. 010,
addr ess=nmac_addr ess;
gen: GCenerator;
si nk: Si nk;
connecti ons:
mac.to_network --> out,
mac. from network <-- in,
mac.to_hi gher | ayer --> sink.in,
mac. from hi gher | ayer<--gen. out;
endnodul e

Figure 11: Conpound Mdul e

of how the sinulation program works. A full description
can be found in the tutorials and wuser nanual. [Varga,
2003]

nodul e TokenRing //...
networ k token_ring: TokenRi ng
par anet er s:

num of stations = 12,

| oad = input;
endnet wor k

Figure 12: Mdul e I nstance

D. RESULTS

The sinmulation was started and the basic structure
tested using the OWeT++ sinulation program Code wll be
provi ded separately. For code contact Professor Geoffrey

Xie at Departnent of Conputer Science Naval Postgraduate
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School . The sinulation builds a network with a sink,
master node and a user defined nunber of sensor nodes.
Whi |l e devel oping the code it was determ ned that OWeT++ is
a powerful tool that has a large learning curve. The
learning curve is steep, but if the user has a
understanding of C++ he/she can easily wunderstand the
term nology and how the different nodules work together.
Thi s si mul ati on code provi des t he basi c net wor k
configuration for the new UAN protocol and a great tool for

future devel opnment projects.
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VI . CONCLUSI ONS AND RECOMMENDATI ONS

Based on the work conducted testing a full-duplex
underwat er acoustic network (UAN) and the devel opment of a
new protocol to support this configuration, there are
several conclusions and recomendati ons. This information
will be broken into two parts. Part one will cover the
test results and developnment a protocol while the second
part provides reconmendations for future projects.

A. CONCLUSI ONS

After conducting several experinments wth the
four Desert Star nodens, the data collected suggests that
the nodens are not capable of supporting a full-duplex
net wor k. Based on the settings used during the testing
phase, the Desert Star nodens worked as advertised.
However, the nodens were not capable of distinguishing
different transmtting frequencies. This is a key concern
in trying to set up a full-duplex network. At the
conclusion of testing, it was determned that the receive
filter was not sensitive enough to distinguish between the
| ow frequency of 34 KHz and the high frequency of 40 KHz.
As a result, the testing failed to prove that a full-dupl ex
network wll work. The second part of the project was to
develop a new protocol to inplenent in the full-duplex

configuration.

The devel opnent of this protocol was based on a
nodel presented in a paper on UAN s. [G bson, 2002] After
choosing OMNeT++ as the sinulation tool, the coding began.
The nodel was developed slowly while learning how to use
the new sinulation tool. OWNeT++ was relatively easy to

learn and provided a good sinulation environnent for the
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pr ot ocol . This protocol is designed to allow the UAN to
better utilize its bandw dt h in a full -dupl ex
configuration. It uses the idea of demand assigned
multiple access to achieve the goal of reducing wasted
bandw dt h. It is believed that once a full-duplex network
is established the protocol used to control the UAN will be
very simlar to the <current protocols being used in
conventional wreless. The only difference being the
| arger propagation del ays experienced in water versus air.
Even though a full-duplex network was not achieved, the
overall project was a success in terns of the know edge and
background gai ned. However, there is still anple materi al
for foll ow on projects.
B. RECOMMENDATI ONS

More testing is needed to fully determne if the
Desert Star nodenms will or will not work for a full-duplex
configuration. The new testing should include changing
the receiver gain and filter settings. Another test should
be attenpted using the two Benthos nobdens in conjunction
with the Desert Star nodens. |f each of these steps proves
to continue to be inconclusive, the next experinment would
be to elimnate the variable of the Desert Star nodens
entirely and try the original experinment with four nodens
from another manufacturer. These recommendations are
designed to try and determne conclusively that a full-
duplex network will or wll not work. As this testing
continues, the newly developed protocol should also be
expanded to include code division multiple access protocol
and a better nodel of the underwater environnment. These
changes will greatly enhance future studies and provide a
new tool in nmonitoring the world s waterways.
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APPENDI X A: GENERAL TEST PLAN

. Determne the location of the test and acquire

buckets and water as needed.

. Test two nodens by transmtting on nodem 1
channel A and receiving on nodem 3, channel A Thi s
allows us to verify the half-duplex node of two

nodens.

. After verification of hal f-duplex node is
conplete, we wll arrange the nobdens as descri bed.
Pair one will consist of nodem 1 and 2 while pair two

is nodem 3 and 4.

. Connect each of the nodens to a conputer to allow
the operator a nethod to nonitor the data and to
nodi fy the channel s as necessary.

. Receive and transmt channels wll be set as
required.

. Transmt data sinmultaneously from nodem 1 and
modem 4.

. The data sent and received will be recorded in to

verify accuracy and reliability.

. Repeat the process until all frequencies have
been tested.
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Experinments were conducted in air

APPENDI X B: EXPERI MENT ONE RESULTS

was randomy sel ected.

Speed 0 RECEI VE
( Modent)
—~— | Channel [0 |1 |2 |3
g3 0[N|N|N[N
® & I[N|N[N[N
33 2 N|N|[N[N
LA 3N|N|N|[N
N = No Data Received
Speed 3 RECEI VE
( Modent)
—~- |(Channel |0 |12 |3
g2 O[N|[N|[N[N
o 6
o I[N[N[N|N
if 2 NIN|N|N
= 3|N|N|[N|[N
N = No Data Received
Speed 0 RECEI VE
( Modent)
—~— | Channel [0 |1 |2 |3
g3 0lY | Y| Y[Y
® & 1YY [Y[|Y
iz 2 (Y (Y [Y|Y
LA 3(Y | Y| Y|Y
Y = Data Recei ved
Speed 3 RECEI VE
( Modent)
—~— | Channel |0 |1 |2 |3
S 0olY | Y|Y[Y
o 6 1Y |Y|Y]|Y
if 2 (Y Y [Y|Y
& 3(Y (Y [Y|Y
Y = Data Recei ved
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and the transmtted data

Speed 1

(2 wapan )
L INSNvHL

Speed 4

(2 wapan )
1 INSNvHL

Speed 1

(2 wapan )
1L IWSNvAL

Speed 4

(2 wapan )
1 INSNvHL

RECE| VE
( Mbdent)

Channel

0

1
2
3

Z|1Z|1Z2|1Z2|©

Z|1Z|1Z|1Z|+

Z|1Z|1Z|Z|N

Z|1Z|Z2|Z2|w

RECE| VE
( Mbdent)

Channel

0

1
2
3

Z|1Z2|1Z2|1Z2|<°

zZ|1Z2|1Z|1Z2|+

Z|1Z|1Z|1Z|N

Z|1Z2|1Z2|Z2|w

( Mbdent)

Channel

0

WIN| -~

<|<|=<|<|w

<|<|<|<|w
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APPENDI X C. EXPERI MENT THREE RESULTS

Test Sequence A: 1234567890
Test Sequence B: Testing one two three
Test Sequence C. ABCDEFGH JKLMNOPQRSTUVWKYZ

Setup 1:

Appr ox

2 feet Dbetween

nmodens,

speed 0 and

remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =0

Recei ve Channel =0

Mbdem 2: TX Channel =0

Recei ve Channel =0

Test Sequence | TX from Mdem 1l to 2 | TX from Modem 2 to 1
A 8 out of 10 10 out of 10
B 16 out of 21 19 out of 21
C 22 out of 26 26 out of 26

Setup 2: Approx 2 feet between nodens, speed O, and

remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =3

Recei ve Channel =3

Mbdem 2: TX Channel =0

Recei ve Channel =0

Test Sequence

TX from Modem 1 to 2

TX from Mdem 2 to 1

A 10 out of 10 10 out of 10

B 19 out of 21 21 out of 21

C 22 out of 26 26 out of 26
Setup 3: Approx 6 feet between nodens, speed 0, and

remai ni ng paraneters used default val ues.

Modem 1: TX Channel =3

Recei ve Channel =3

Modem 2: TX Channel =0

Recei ve Channel =0

Test Sequence

TX from Modem 1 to 2

TX from Modem 2 to 1

A 9 out of 10 10 out of 10

B 19 out of 21 20 out of 21

C 20 out of 26 24 out of 26
Setup 4: Approx 6 feet between nodens, speed O, and

remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =0

Recei ve Channel =0

Mbdem 2: TX Channel =0

Recei ve Channel =0

Test Sequence

TX from Modem 1 to 2

TX from Mdem 2 to 1

A 10 out of 10 10 out of 10
B 19 out of 21 20 out of 21
C 22 out of 26 18 out of 26
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Setup 5: Approx

12 feet between

modens,

speed 0, and

remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =0

Recei ve Channel =0

Mbdem 2: TX Channel =0
Recei ve Channel =0

Test Sequence

TX from Modem 1 to 2

TX from Modem 2 to 1

A 10 out of 10 10 out of 10

B 16 out of 21 21 out of 21

C 18 out of 26 22 out of 26
Setup 6: Approx 12 feet between nodens, speed 0, and

remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =3

Recei ve Channel =3

Mbdem 2: TX Channel =0
Recei ve Channel =0

Test Sequence

TX from Modem 1 to 2

TX from Mbdem 2 to 1

A 10 out of 10 Not conpl et ed
B 19 out of 21 Not conpl et ed
C Not conpl et ed Not conpl et ed
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APPENDI X D: EXPERI MENT FI VE RESULTS

Test Sequence A: 1234567890

Test Sequence B: Testing one two three

Test Sequence C. ABCDEFGH JKLMNOPQRSTUVWKYZ

Test was set up between two fishing piers. There were two
piers and two nodens were placed in the water from each
pi er.

Setup 1: Approx 75 feet Dbetween nodens, speed 0 and

remai ni ng paraneters used default val ues.
Mbdem 1: TX Channel =0 Mbdem 4: TX Channel =0
Recei ve Channel =0 Recei ve Channel =

Test Sequence TX fromMdem1l to 4 | TX from Modem4 to 1
A 10 out of 10 10 out of 10
B 19 out of 21 21 out of 21
C 26 out of 26 26 out of 26

Setup 2: Approx 75 feet between nodens, speed 0, and

remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =0

Mbdem 4: TX Channel =3

Recei ve Channel =0 Recei ve Channel =3
Test Sequence TX fromMdem 1l to 4 | TX from Modem4 to 1
A 10 out of 10 10 out of 10
B 21 out of 21 21 out of 21
C 26 out of 26 26 out of 26
Setup 3: Approx 75 feet between nodens, speed 0, and

remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =3 Mbdem 2: TX Channel =0
Recei ve Channel =3 Recei ve Channel =0
Mbdem 4: TX Channel =0
Recei ve Channel =0
Test Sequence TX from Modens 1 and 2 to Recei ve Modem 4
A 4 out of 10
B 5 out of 21
C 9 out of 26
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Setup 4: Approx 75 feet between nodens, speed 0, and
remai ni ng paraneters used default val ues.

Mbdem 1: TX Channel =3 Mbdem 2: TX Channel =0
Recei ve Channel =3 Recei ve Channel =0
Mbdem 4: TX Channel =0 Mbdem 3: TX Channel =3
Recei ve Channel =0 Recei ve Channel =3
Test Sequence TX from Modens 1 and 4 to
Recei ve Modens 2 and 3
A 0 out of 10
B 0 out of 21
C O out of 26
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APPENDI X E PSEUDO CCDE

/'l called by child node when it has traffic queued
/1 to send to its parent
Procedure ChildTransm ssion ()
Begi n
if (received collision notice from parent)
then wait randomti ne;
end-if

if (previously idle)
then set F = true;
end-if

if (last franme)
then set E = true;
// determ nation of |ast frane
/1l status is application specific
end-if

if (S(i) is enpty)
t hen send frane on channel x;
el se send frame on S(i)
end-if
End

/1l called by parent when it received traffic
/[l froma child
Procedure Parent Recei pt ()
Begi n
read in frane;

if (collision detected)
t hen
if (C=true)
t hen
al l ocate each child one channel;
SendReal | ocati onNotice ();
el se
send col lision notice on channel p;
set C = true;
end-if
el se
extract the F and E bits;
set C = fal se;
if (F=+true and E = fal se)
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t hen Active = Active + 1;
else if (F =false and E = true)
then Active = Active - 1;
end-if
end-if
end-if

if (Active changed)
t hen
Partition channel set equally anong
active nodes, avoiding nei ghbor conflicts;
Br oadcast Real | ocati onNotice ();
end-if
End

/1l called by parent when it needs to change

/1 allocations sent to its children

Procedure Broadcast Real | ocati onNotice()

Begi n
append S(i) for each active node to nessage;
send nmessage on channel p;

End

/1l called by child node when it receives a new
/1 allocation nmessage fromits parent
Procedure Recei veReal | ocati onMessage ()
Begi n
extract S(i), where i is this node’s |ID
if (S(i) is not enpty)
t hen configure channel s accordingly;
end-if
End
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