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INTRODUCTION
 

Background
 

The Fish and Wildlife Service of the U. S. Department of the Interior has
 

expressed their concern over the survival of the West Indian manatee (Trichechus
 

manatus) and has placed it on the Endangered Species List. Insufficient in

formation is presently available concerning the migratory habits of this
 

species to initiate the proper steps to insure its preservation. The current
 

population appears to be decreasing as a result of a loss of grazing territory
 

and an increase in boating activity. If more information were known about
 

their numbers, location at various times of the year, mating and feeding habits,
 

and conditions relating to their decline, the appropriate agencies could take
 

the necessary action to enhance their survivability.
 

In this regard, the Engineering Experiment Station at Georgia Tech has
 

undertaken a study, the purpose of which is to develop a workable concept of
 

an automatic tracking system which will enable the Fish and Wildlife Service
 

to determine the location and movements of manatees in order to obtain more
 

information concerning them.
 

Study Objectives and Scope
 

Theoverall objective of thTs study is to perform an exploratory analysis
 

to evaluate various existing active and passive monitoring systems of potential
 

application to the tracking of manatees, and if the results of the study
 

warrant further development, a follow-on effort is to be proposed.
 

Statement of Work Requirements
 

In the execution of this study, three main requirements are set forth. 

First, a review of available background material and literature relevant to 

the technology of animal tracking must be performed. Next, the technical 

characteristics of an automatic tracking system must be defined, which is 

capable of identifying any of various manatees in the Banana River between 

KSC crawlerway and the Bennett Causeway (State Road 528) and record their 

locations at least once each hour. Finally, a proposal must be prepared for 

the construction of the tracking system defined above with the stipulation 

that the system be practically expandable to monitor most of the waterways in 

Brevard County, Florida. 



The study evaluates tracking techniques and then identifies those tech

niques that satisfy near term requirements as well as having growth potential
 

for satisfying the far term requirements. A brief technical description of each
 

technique studied has been providdd which describes limitations, capabilities,
 

high risk areas and problem areas. In addition, existing systems capable
 

of tracking multiple targets are identified.
 

Study Approach
 

The approach taken for this study was to define ten major tasks that would
 

satisfy the statement of work requirements. The following major tasks were
 

defined:
 

o Literature Search
 
o Overall System Technology
 
o System Configuration
 
o Power Source
 
o Electronics Placement
 
o Transducer Placement
 
o Passivation of Electronics Package
 
o Estimated System Effect on Subject Manatee
 
o System Release or Retrieval at End of Useful Life
 
o System Impact on Environment
 

Where applicable, selection criteria will be applied to each task in order to
 

optimize the final recommended tracking system. The selection criteria are
 

(not necessarily given in order of importance):
 

1. Performance
 
2. Cost
 

3. Reliability
 
4. Operational Life
 
5. Size
 
6. Weight
 
7. Interface to Manatee
 
8. Environmental Impact
 

Basically, overall performance will be rated in terms of range and accuracy of
 

measurement. Performance is intimately linked to cost which is frequently
 

proportional to complexity when applied to electronic systems. Reliability
 

criteria consider such factors as mean-time-before-failure (MTBF) and ease
 

of servicability. This includes all facets of the total tracking system, both
 

electronic and mechanical (e.g., devices for securing electronic tag to the
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manatee , antenna masts, etc.). Operational lifetime, size and weight are all
 

quantities to be optimized with trade-offs occurring between operational life

time and size-weight limitations of the manatee-borne electronics in particular.
 

The manatee-system interface involves a very important and largely unknown set
 

of criteria. The objective here will be to modify the individual's behavior
 

as little as possible as a result of the electronic tag. Also, extreme pre

cautions must be taken to assure that the tag or the tagging process has no
 

detrimental effect on the manatee. Finally, the environmental impact of each
 

component of the tracking system must be assessed. Not only is it undesirable
 

to perturb the natural setting (the manatee's habitat) but man's habitat (the
 

airwaves, boating channels, etc.) must go unabused as well.
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HISTORY AND ECOLOGY OF THE MANATEE
 

Design of an effective tracking system presupposes knowledge about the
 

object being tracked. This section presents some of the background information
 

assimilated during the literature search concerning the manatee both histori

cally and from a behavior and physiological standpoint.
 

Early Sightings
 

Wednesday, January 9, 1493. Christopher Columbus, on his first voyage
 

to the New World made the following observation in the ship's log as he sailed
 

along the coast of what today is the Dominican Republic...
 

The day befote when the AdmiZ (C. Columbus) went to Rio 
det Oo, he said that he .saw thtee sirens, who Itose veAy 
high from the sea, but they were not as beaut6u au they 
aae depicted, fom somehow theA faces had the appearance 
o6 a man. He says that on other occations he saw some in 
Guinea. [excerpt from a translation (1960) of the Bartolom
 
de las Casas manuscript based on the Admiral's original log
book]. [15]
 

Obviously Christopher Columbus was interpreting a manatee sighting in terms of
 

the siren legends and sketches that he had encountered before coming to the
 

New World, for this myth was widespread by his time. The seductive sirens of
 

Greek mythology probably resulted from early sightings of sirenia in the
 

Mediterranean area. Stories such as these permeated man's concept of aquatic
 

life for centuries and even crept into German Romantic literature in the form
 

of Lorelei who was a siren on a rock in the Rhine that lured boatmen to ship

wreck by her singing.
 

These are actually relatively recent accounts, however, for there is
 

evidence of man-sirenia interaction occurring over one thousand years earlier.
 

Figure 1 is a photograph of a full sized manatee carving produced by the Olmecas,
 

a mysterious people that flourished in the Yucatan before the time of Christ.
 

In fact, there is some indication that the Ark of the Covenant, taken by the
 

Israelites on their journey through Sinai was covered with Dugong (Dugong dugon)
 

leather [7].
 

ECEDING P GE PLANK NOT FILMWED 
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Sirenian Range
 

Sirenia inhabit most of the coastal and estuarine waters of the tropics
 

and subtropics. More specifically (see Figure 2), the West Indian manatee
 

(Trichechus manatus) inhabits the coastal waters around the Gulf of Mexico,
 

Carribbean Sea and along the northern coast of South America; the Amazon mana

tee (Trichechus inunguis) is distributed solely in Brazil's Amazon River and
 

its tributaries. The African manatee (Trichechus senegalensis) is found along
 

the coastal waters of western Africa between latitudes 150 North and 180 South.
 

The Dugong (Dugong dugon), a fork tailed cousin of the manatee, frequents the
 

coastal waters of the Red Sea, the eastern coast of Africa around the Bay of
 

Bengal and in the waters surrounding southeastern Asia, the Philippines, New
 

Guinea, Indonesia and northern Australia. The now extinct Steller's sea cow
 

(Hydrodamalis stelleri) was the only known cold water member of this family 

living in the Bering Sea. 

The United States manatee population is concentrated in the coastal waters
 

of central to southern Florida. Periodically, manatee sightings range as far
 

northward as Georgia and west to Lousiana and Texas. Manatees are found in
 

slow moving rivers, estuaries and salt water bays that are in excess of 1.5
 

to 2 meters deep. Four factors are dominant in the choice of habitat:
 

o Availability of aquatic vegetation
 
o Proximity of deep channels 

o Warm water winter refuges 
o A source of fresh water 

Physiology of the Manatee
 

.The manatee, sometimes referred to as the "sea cow" is a large totally
 

aquatic mammal-that can achieve a length of as much as 3.8 meters and weigh
 

approximately one metric ton though lengths usually range from 2.8 to 3.5
 

meters and weighs from 1/4 to 1/2 metric ton. The manatee is seal-shaped in
 

appearance with gray or brown skin and a broad, spatulate tail (see Figure 3).
 

The body is almost hairless except for bristly whiskers on the muzzle. The
 

skin is quite thick changing from its darker outer color to a light pink,
 

approximately 2 millimeters down from the surface. The blubber blanket under
 

the skin may be several centimeters thick. The forelimbs are paddle-shaped
 

with vestigial nails; the hind limbs are absent and the pelvis is represented
 

7
 



-- -- - -- -- -

, : ~......__ ... 

cc o 

AAUTIHCM 
0 I 2 3000 MILES 

' , "I Y RICHECHUS MUNGf 4 
0 1 2 4000 KILOM TR 

.,.:.o.. TRICHECHUS SEMS,,o ,o, . , 2"igur .. 2 E 
1""C006"IU 

-5trI....-- t --.... --[ 6-9-1 -- : - r ". . - -'~-- -0 - J 


Globa l S:irenian Habitat
 

Figure 2
 



..	 tot 

-p;V4

iII 


T. 	 manatus in Captivity
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by vestigial bones [37]. The nostrils are located on the upper surface of the
 

snout and are tightly closed by valves when submerged and open when the manatee
 

surfaces to breathe [l]. The upper lip is cleft and lobed which allows the
 

manatee to maniuplate food into its mouth. Grinding molars, which form at the
 

back of the jaw and wear down as they move forward are the only functional
 

teeth in the Florida manatee. In contrast, the Steller's sea cow had no teeth
 

at all. This replacement pattern may be an adaptation to eating -plants mixed
 

with sand [7]. The bones are massive and heavy and may function in buoyancy
 

control [38,1]. One notable difference between the manatee and other mammals
 

is the number of neck vertebrae. The genus Trichechus has six vertebrae while
 

nearly all other mammals have seven [7].
 

Reasons for the Decline of the Manatee in the United States
 

The total number of manatees in the United States is estimated to be only 
about 850. This population figure is believed to be far below historical levels 

and is a direct result of man's encroachment in the manatee's natural habitat.
 

This is exemplified no better than in the case of the Steller's sea cow
 

(Hydrodamalis stelleri), a cold water member of the Dugong family, that was so
 

avidly hunted by man that it was totally eradicated only 27 years after its
 

discovery in 1742.
 

As European man began to colonize the New World, the previously secure
 

existence of the manatee in the Americas was threatened as their hide was used
 

for leather, their oil and blubber used for fuel while men cultivated a taste
 

for their meat. The greatest pressure on the manatee population in the United
 

States however, has come about in recent decades due to loss of grazing territory, 

motor boat inflicted injuries, poaching and the severe winters that have gripped 

the entire.United States of late (including that last vestige of the manatee -

Florida). 

Perhaps the worst of these pressures is due to the loss of grazing terri

tory. This results from coastal land development, water pollution and in some
 

areas, the use of defoliants to keep boating channels clear of vegetation.
 

Motor boat inflicted injuries also take a heavy toll on the current pop

ulation. Many manatees living in Florida have propeller scars on their backs
 

where they have been run over by high speed motor boats; however, most do not
 

10
 



survive such encounters with the whirling blades. Manatees will dive to avoid
 

motorized craft when they hear them coming but unfortunately, numerous speed

boat operators insist on racing at speeds of 40 to 60 mph in known manatee
 

habitats. Under such circumstances, a manatee has little warning of the en

suing propeller. Another hazard is presented by barges which when moving
 

through shallow water or docking, will often crush manatees.
 

Manatees are thought to be quite susceptible to the cold. Numerous manatee
 

corpses are frequently found following a cold snap. During the winter, many
 

manatees flee to more temperate southern Florida waters. A number of animals,
 

however, congregate at some of Florida's natural spring fed rivers. At the
 

head waters where fresh water wells up from the bottom of submerged sink holes,
 

the water temperature remains a pleasant 740F year round. In recent winters,
 

manatees have been observed congregating in the hot water output flumes of
 

Florida power generating stations. There is concern that manatees are being
 

lured farther north during the winter by these man-made warm water refuges. In
 

the event of an energy crisis in which power plants are forced to shut down,
 

many manatees could be lost, thus increasing the likelihood of eventual ex

tinction of the species in this range. Manatees have a slow reproductive rate
 

and it would be difficult to restore initial population figures quickly since
 

their gestation period may be as long as 13 months with a female typically
 

producing only one calf every two or three years.
 

Legal Status of the Manatee
 

Currently, the Florida manatees are protected under both Federal and State
 

law. Federal protection laws include the United States Marine Mammal Pro

tection Act of 1972, which prohibits the taking, sale, possession, importation
 

and transportation of specific marine mammals (including the manatee) within
 

the United States. A Federal permit is required to capture manatees for any
 

reason. Violators of this law can be imprisoned for one year and fined up
 

to $20,000. In addition, the Federal Endangered Species Act of 1973 lists the
 

manatees of Florida as an endangered species thus requiring a permit to handle
 

dead of living manatees [3]. The state of Florida has enacted similar sta

tutes establishing the manatee as an endangered species and the state itself
 

as a sanctuary in which display of, or research on the mammal is strictly
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-regulated. In fact, Florida was established as a manatee sanctuary by the
 

English as early as the 16th century [3]. Unfortunately, the manatee continues
 

to decline due in part to a lack of knowledge about what is conducive to
 

manatee survival (thus hindering the legislation of effective positive action
 

programs and laws) and the inability to adequately enforce the laws already
 

enacted.
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EXISTING REMOTE TRACKING AND POSITIONING SYSTEMS
 

Many remote tracking and positioning systems already exist and are cur

rently in use on a world-wide basis. This section enumerates and briefly
 

describes a number of these systems. Not all of those mentioned will be
 

directly applicable to manatee tracking for various reasons. However, the
 

principles of operation could be. The following is a list of acronyms for
 

existing systems or system families. Items marked with an asterisk are
 

briefly described in the body of this section.
 

o 	DECCA*
 

o 	OMEGA*
 

o 	CONSOL
 

o 	LORAN A, C, D* 

o 	MLS (Microwave Landing Systems)
 

o 	VHF/UHF ILS (Instrument Landing Systems)
 

o 	ATCRBS (Air Traffic Control Radar Beacon Systems)
 

o 	LARIAT (MX Missile Facility Intruder Tracking System)
 

o 	TRANSIT*
 

o 	DME (Air Traffic Control Distance Measuring Equipment)
 

o 	EELS (U. S. Navy Electronic Emitter Locator System)
 

o 	AGIELIS (U. S. Army Automatic Ground Transportable Emitter
 

Location and Identification System)
 

o 	TACELIS (U. S. Army Tactical Emitter Location and Identification
 
System)
 

o 	GELLIS (U. S. Army Ground Emitter Location and Identification
 
System)
 

o 	CIRIS (Completely Integrated Reference Instrumentation System)
 

o 	AROD*
 

o 	CR-100*
 

o 	TACAN (Tactical Air Navigation)*
 

o 	VOR (VHF Omnidirectional Range)
 

o 	ITNS (Inertical Tactical Navigation Systems)*
 

o 	DABS (Air Traffic Control Discrete-Address Beacon System)
 

o 	GPS/NAVSTAR (Satellite-Based Global Positioning System)*
 

o 	MISTRAM
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o AZUSA 

o PELSS (USAF Precision Emitter Location Strike System) 

o ELS (USAF Emitter Location System) 

o ALSS (USAF Advanced Location Strike System) 

o PLRS/SEEK BUS (USAF Position Locating and Reporting System)*
 

o CAPER (Combined Active/Passive Emitter Rangings)
 

o SHIRAN* 

o PIIS-2/DCS* 

o RMS/SCORE* 

o ARIS* 

o PATS* 

o A-7E* 

o ACRS*
 

a JTIDS-RELNAV*
 

o TASK 4*
 

o AFWET-WESTE* 

o MTTIS* 

o RAYDIST T*
 

a PARTS*
 

DECCA, OMEGA, LORAN, LORAN/Inertial, TACAN and TRANSIT are all user
 

orientated systems and, with the exception of TACAN, passive in the sense
 

that the user does not transmit any signals to determine his position. The
 

TACAN system requires the user to transmit pulses which are replied to by a 

ground station in order to determine range and bearing. None of the systems
 

have a central location reporting capability.
 

DECCA, OMEGA and LORAN are hyperbolic position systems. The user deter

mines position from the intersection of two known hyperbolic lines. These
 

lines are determined by measuring the range difference between the user and
 

land-based stations, properly spaced and normally operated in groups of three.
 

The LORAN/Inertial system is a hybrid configuration which combines the
 

long term accuracy of LORAN with the short term accuracy of an inertial 

measuring unit (IMU). The synergistic use of LORAN and an IMU results in 

positionings that are far more accurate than those of LORAN or an IMU alone. 
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The LORAN/Inertial system can operate day or night and under all weather
 

conditions. The frequencies used are noninterfering with Air Traffic Control
 

signals and known threat equipment.
 

TACAN is a line-of-sight system with ground-based stations from which
 

users obtain range and bearing. The user must transmit an RF signal to the
 

TACAN station to obtain a range measurement. Bearing is obtained by phase
 

measurement.
 

TRANSIT is a space-borne navigation system which uses satellites as
 

reference stations. The user measures the doppler frequency of the satellite
 

and translates this into hyperbolic lines of position on the surface of the
 

earth.
 

DECCA Navigation System [4]
 

The DECCA navigation system consists of four ground stations, one master
 

and three slaves. Low frequency radio emissions from all stations are phase

locked to and harmonic multiples of the master station signal. A user re

ceiver multiplies the received signals from any two stations to obtain a common
 

comparable frequency. The measured difference in phase between signals de

termines a hyperbolic line of position for the user.
 

Typical accuracy is +1 n.mi at 120 n.mi range from the master station
 

and +5 n.mi. at 250 n.mi.
 

The system is continuous in operation and the user's position is plotted
 

in rectilinear coordinates by a DECCA X-Y type plotter. The time constant
 

associated with this equipment is approximately 0.6 sec.
 

OMEGA Navigation System [4]
 

OMEGA is an earth-referenced navigation system operating between 10.2
 

and 13.6 KHz. At present, four stations are operating although eight stations
 

are planned to provide world-wide coverage. Each station transmits on syn

chronized frequencies of 10.2, 13.6 and 11.33 KHz in sequence. At each fre

quency a unique family of hyperbolic lines-of-position (LOP's) is generated
 

by phase difference measurement between two stations of a synchronized pair.
 

Single frequency OMEGA is the standard configuration. The basic measure

ment is the phase of the 10.2 Kz signals from each of several stations.
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Phase differences between two pairs of stations are measured and two LOP's
 

are obtained. Position is then determined at the intersection of the LOP's.
 

Phase measurement results in multiple ambiguous position possibilities
 

since a phase difference of X degrees cannot be distinguished from a phase
 

difference of X +360n degrees. At 10.2 KHz, the position uncertainties,
 

called lanes are spaced 16 n.mi in distance. The position uncertainties can
 

be resolved by starting from a known geographical position and counting lanes
 

or using difference frequency OMEGA. In this mode, the 10.2 and 13.6 KHz
 

signals are used to create a 3.4 KHz difference frequency. The resulting
 

lane width is 24 n.mi. thus decreasing the lane identification problems.
 

LORAN Navigation System [4].
 

LORAN is a hyperbolic system of navigation. A measurement of the dif

ference in times of arrival of signals from two points by a receiver provides
 

a measure of the difference in the distance of the propagation paths. Measure

ment of the time differences and hence the distance differences places the
 

receiver on a hyperbolic line-of-position. Measurments from a minimum of
 

three stations, taken in pairs, are required to obtain a navigation fix. The
 

intersection of the two lines-of-position defines the receiver location.
 

A-LORAN triad consists of one master and two slave stations. The master
 

station initiates RF transmissions at time zero. Each slave station receives
 

these transmissions and phase and frequency locks its receiver to the master
 

station's transmissions. After a prescribed time delay, different for each
 

slave station, each slave station transmits a pulse group. There is no over

lap in transmissions from any of the stations.
 

The receiver synchronizes to the master and slave transmissions and
 

determines the time differences. With knowledge of the slave station time
 

delays, these differences are translated into lines-of-position.
 

LORAN-D/Inertial Navigation System [4]
 

LORAN-D/Inertial is a hybrid navigation system which integrates data
 

from an inertial measuring unit with position information derived from LORAN/
 

D signals. The inertial dead reckonner has high short term accuracy and
 

is able to follow maneuvers of the user. Long term accuracy, however, is
 

poor due to gyro drifts.
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Position data obtained from LORAN-D signals has excellent long term
 

accuracy, thus, the hybrid system which results from combining the two has
 

better overall accuracy characteristics than either subsystem separately. In
 

general, the greater the accuracy of the inertial equipment, the larger the
 

reduction in position error over the unaided LORAN-D system.
 

Although several integration schemes are possible, the most accurate
 

inertial platforms usually require Kalman filtering techniques to achieve
 

their ultimate accuracy. For a state-of-the-art 0.25 knot inertial system, a
 

reduction in positioning uncertainty from 300 ft. to 78 ft. or a factor of
 

3.85 times is possible neglecting errors due to geometrical dilution of pre

cision and topographical distortion of the earth's magnetic field (warp).
 

Warp errors, however, may be large enough to make in unnecessary to in

corporate an exceptionally precise inertial unit. Overall improvement in
 

position accuracy accounting for warp errors may be typically 12% over an
 

unaided system with little sensitivity to inertial unit accuracy.
 

TACAN Navigation System [4]
 

TACAN is a tactical air navigation system which provides an aircraft
 

distance and bearing from a selected ground station within line-of-sight
 

range.
 

The user sends pulses that are replied to by a ground station. The
 

elapsed time between the user sending and receiving a reply is used to deter

mine the distance to the station. The nominal system accuray is 0.17 n.mi.
 

The distance-measuring replies from the ground station are amplitude modulated
 

by a rotating directional antenna. This signal is compared with a reference
 

signal sent by the ground station, the phase difference between the two giving
 

the bearing to a nominal accuracy of one degree.
 

The available frequency band is between 960 and 1215 MHz and is split
 

into 252 channels. Each ground station is assigned one receive and one trans

mit channel and can reply to about 100 aircraft simultaneously.
 

TRANSIT Navigation System [4]
 

The TRANSIT navigation system uses four orbiting satellites to enable
 

users to calculate position fixes every 110 minutes.
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With simple user equipment, position accuracy is 0.5 n.mi. Elaborate
 

equipment will improve accuracy to 0.1 n.mi.
 

The satellite emits a stable radio frequency signal. The user receives
 

the signal and infers its position with respect to the satellite by measuring
 

the doppler shift in frequency due to the relative velocity between the user
 

and satellite.
 

To provide the required doppler data, a satellite is equipped with a
 

transmitter containing a very stable oscillator. As the satellite passes
 

within receiving range, its signals provide a doppler curve as well as its
 

orbital parameters and the precise time. The slope of the doppler curve de

termines the distance between user and satellite. The point of closest ap

proach from satellite to user occurs when the Doppler shift is zero. Thus,
 

knowledge of the time of signal transmission, the position of the satellite
 

in space, the doppler curve and the velocity of the user can provide a
 

navigator with his true position.
 

Four ground tracking stations monitor satellite emissions and make
 

corrections for atmospheric refraction. One master station also controls
 

satellite clock settings and regulation. All of the above correction in

formation is relayed to a ground injection station. Once every twelve hours,
 

the injection station transmits the correction data to each of the satellites,
 

at which time it is entered into the satellite memory unit.
 

Table 1 gives a condensed comparison of the above systems.
 

Hastings-Raydist Radiolocation System [4]
 

The Hastings-Raydist system is a continuous wave navigation system opera

ting in the 1.6 - 4.0 MHz frequency band. (X,Y) coordinate location is com

puted by each user based on the phase delay experienced by continuous wave 

signals propagating through free space. No elevation (Z axis) information 

is available, however.
 

In use, the Raydist T system has demonstrated position accuracy of 10
 

ft. RMS, with a resolution of 1.5 ft. Usable range is 200 n.mi. during the
 

day and 150 n.mi. at night and is limited by skywave interference.
 

Since the system is user oriented, no central location reporting capa

bility exists. The system has been designed primarily for marine navigation.
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TABLE 1 : COMPARISON OF SOME EXISTING NAVIGATION SYSTEMS 

DECCA OMEGA LORAN LORAN/INERTIAL TACAN TRANSIT 

PRINCIPLE Phase Phase Pilse and Pulse and Pulse and Phase 
Phase Phase and Phase Doppler 

Inertial 

FREQUENCY BAND 100 kHz 10.20, 100 kliz 100 kHz 960 to 1215 150 M z 
11.33 & MHZ 400 MHz 
13.60 k zI 

NUMBER OF USERS Unlimited Unlimited Unlimited Unlimited 100 Unlimited 

RANGE 250 nmi Worldwide 200 nm 200 nmi 400 nmi Worldwide 
Radius (1972) Radius Radius Radius 

ACCURACY 0.25 nmi 1 to 2 nmi 300 to + 64 ft + 200 ft 0.1 nm 
(X and Y) 3000 ft T 10 

POSITION UPDATE 0.6 s Near-real Near-real Near-real Near-real 6 to 22 
INTERVAL time time time time min every 

108 min 

RESOLUTION 50 ft 400 ft 60 to 300 ft 128 ft +50 ft
+0.10 

50 ft 



Inertial Tactical Navigation System (ITNS)-Singer Company [4)
 

The Singer ITNS is a cooperative ranging system which employs clocks and
 

frequency sources at all user and ground station locations which are precisely
 

synchronized in relative frequency and time with those of a master control
 

.station. One way RF transmissions from the master station are received
 

by each range member. Since the master station and range member clocks are
 

synchronized, the time difference from the ranging message initiation time to
 

the time of receipt of the message is known by the range member and slant
 

range can be computed. This range data together with information from an
 

on-board dead reckoning inertial system is processed by the range member to
 

obtain an optimal estimate of position.
 

All range members report their position, in a predetermined sequence,
 

to all other range members and the master station. The additional information
 

obtained by each range member in this procedure is used to further refine the
 

position estimate to be reported during the next cycle.
 

Information reported to the master station can include estimated position,
 

inertial parameter values and digital communications information on discrete
 

events.
 

In addition to clock synchronization and identification, the ITNS system
 

provides 1024 slots per second during each of which up to 300 bits of digital
 

data may be transmitted from range members to the master station. This
 

scheme provides more than adequate capacity to permit obtaining position, at

titude and 100 bits of discrete event data on twelve aircraft ten times per
 

second and four aircraft fifty times per second.
 

Since the reporting scheme is preset before the mission, a selection of
 

four subset members would have to be made prior to an exercise and could not
 

be changed at will.
 

The equipment carried by an TTNS range member consists of a ran'ging
 

system, a computer system, an integrated inertial navigation system, appro

priate interface electronic units and power supply equipment.
 

Task 4 - International Business Machines Corporation [4]
 

The Task 4 system was designed to provide guidance information for up to
 

seven cooperative aircraft.
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-For the aircraft tracking and guidance function, a sequential interroga

tion, pulse type ranging technique enables computation of aircraft position
 

in accordance with a multilateration algorithm.
 

An interrogation command signal is originated by the Ground Command
 

Station (GCS). Digitally encoded identification information specifies the
 

aircraft of interest and the GRS to be used for that interrogation. All air

craft carry a pod-mounted transponder which will transmit a ranging reply upon
 

receiving a properly addressed interrogation signal. The ranging replay
 

passes through the same GRS and is retransmitted to the GCS station. The
 

transponder time delays are known and the GSC to GRS range is known either
 

from a geodetic survey or by interrogation of a calibration transponder at a
 

known location, therefore, slant range from the GRS to the subject aircraft
 

can be computed. Calculating three ranges from the GRS stations to the subject
 

aircraft in this manner, it is possible to uniquely determine the three axis
 

position coordinates of the aircraft.
 

Since the Task 4 system does not incorporate an Inertial Measuring Unit
 

(IU), no aircraft attitude data is available. Also, since no IMU data is
 

available to minimize errors due to aircraft maneuvering, the member aircraft
 

are limited to level flying at slowly changing altitudes. There is no data
 

available, however, on the dynamic limits of the system in its present form.
 

Three GRS stations are employed in addition to the GCS station. Position
 

updates can be obtained at a 70/second rate on one aircraft or approximately
 

10/second on seven aircraft. Present range size is in excess of 80 n.mi.
 

with good geography.
 

Air Force Weapons Effectiveness Testing - Weapons Effectiveness System Test
 
Environment (AFWET-WESTE) - Raytheon Company [4]
 

The AFWET-WESTE system can obtain position, attitude and identification 

information on 15 cooperative aircraft and position and identification in

formation on up to 11 ground units of which 10 are fixed and one is mobile. 

Both coarse and fine position locating subsystems are carried on-board each
 

member.
 

Coarse position is obtained passively from a DECCA navigation set with
 

an accuracy of approximately 400 ft. (1 a). Fine position of the member with
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respect to the ground master station, other range members or any fixed,
 

instrumented ground element is obtained from a precision Position Reference
 

Radar/Transponder (PRRT). The aircraft is active during fine position measure

ment in that RF energy must be emitted. The fine position accuracy is + 5 ft.
 

in range and 2 milliradians in azimuth and elevation angles.
 

The DECCA navigation system is a CW-type operating on 100 KHz and employs
 

one master and three slave stations each requiring a large (300 ft. high)
 

tower. CW systems suffer degraded position accuracy at low aircraft operating
 

altitudes. Attitude information is obtained from the aircraft's own in

strumentation and a modification kit is necessary for each different type of
 

aircraft using the range.
 

All range elements report their position to the master station. Time
 

multiplex UHF radio transmission enables down-link reporting for airborne 

range members. Ground units report on individual UHF frequencies. Up-link 

communications from the master station to range members use the same techni

ques.
 

In addition to a transmitting and receiving antenna at the master station,
 

a 1200-ft. tower located at one sideof the range is employed to minimize
 

data loss from antenna shadowing due to aircraft maneuvering. A second radar
 

transponder is mounted through the top of the aircraft fuselage to further
 

minimize this data loss.
 

The position and attitude update rate for all range members is 10 per
 

second and is hardware controlled. Therefore, no higher data rate on a
 

subset of aircraft can be obtained with present system components.
 

Data analysis and display is performed in essentially real-time. An
 

IBM 360-65 handles data processing for the system. Alphanumeric read-out 

and major event annotation are provided in addition to the basic two dimen

sional display capability. 

The AFWET-WESTE system can also provide trajectory simulation for bombs,
 

bullets, rockets and missiles as well as kill/no kill assessment and miss
 

distance calculations.
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Multiple Target Tracking and Identification System (MITIS) - General
 

Dynamics [4]
 

The General Dynamics MITIS is a proposed system for which the ranging
 

system hardware has been built and tested. A three baseline interferometer
 

is used to measure two angles (azimuth and elevation) plus range to uniquely
 

determine the position coordinates of a cooperative aircraft.
 

A coded ranging interrogation signal is transmitted from the ground sta

tion. The aircraft whose identification code matches that of the ranging
 

signal retransmits the signal to the ground. The difference in phase of the
 

signal as received at two locations on the ground is proportional to the angle
 

between the receiver baseline and a radial vector to the aircraft.
 

Slant range to the aircraft is determined by measuring the difference in
 

phase between the ranging transmission and the reply signal as received at
 

the master station ranging receiver. This phase difference is proportional
 

to the two-way ranging distance to the aircraft, since the transmitter and
 

ranging receiver antennas are colocated.
 

Simulation based on an error model of the three baseline interferometer
 

predicted position-errors of less than 50 ft. in X, Y and Z. Tests with a
 

vertical baseline interferometer confirmed the value assumed for worst-case
 

multipath errors which is the largest error term for a CW ranging system.
 

Phased Array Ranging Trilateration System (PARTS) - Radio Corporation of
 
American [4]
 

PARTS is a RCA proposed system which would employ multiple phased array
 

radar stations to obtain range and range rate data on aircraft. A multi

lateration algorithm would be used to compute aircraft position and velocity.
 

Each phased array radar would have a 60 degree electronic scan in ele

vation/azimuth and a 60 degree mechanical scan in azimuth/elevation.
 

The basic range would be an equilaterial triangle 43 n.mi. on a side.
 

Adding a fourth station would produce a parallelogram-shaped range. The
 

long diagonal of this range is 75 n.mi.
 

Each phased array radar can track a target having a 1 square meter cross
 

section at a maximum range of 75 n.mi. Basic accuracy of the radar is pre

dicted to be 1 ft. in range and .05 mil in azimuth and elevation. Using
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these figures, RCA predicted a position accuracy of 1.73 ft. in X and Y for
 

aircraft between 1000 and 50,000 ft. altitude. Z accuracy was predicted to
 

be 8.7 ft. for aircraft between 10,000 and 50,000 ft. AGL, 19 ft. for air

craft between 5,000 and 10,000 ft. AGL and 43 ft. for aircraft in the 2000

5000 ft. AGL region.
 

The OPS System
 

The CPS is a space-based radio navigation system currently being de

veloped under management of the United States Air Force (USAF) Space and
 

Missile Systems Organization (SAMSO) GPS Joint Program Office (JPO). The
 

CPS consists of three segments: Space Segment, Control Segment, and User
 

(UE) Segment. The operational Space Segment will consist of three planes
 

of satellite vehicles (SV's) - eight SV's per plane - in circular 10,900
 

nautical mile 12-hour orbits. This deployment will insure that at least six
 

SV's are continuously in view from any point on earth, thus providing global
 

coverage. Each SV will broadcast L-band signals (thus achieving all-weather
 

coverage) containing information as to its position. The Control Segment
 

will consist of the ground stations necessary to track the SV's, monitor the
 

system operation, and periodically provide corrections to the navigation and
 

time signals. The UE Segment will consist of the hardware and software
 

necessary to receive, process and convert the SV signals into useful naviga

tion information. By receiving signals from four SV's, the user can calculate
 

and display three dimensional position and velocity and system time under the
 

operating coditions associated with the host vehicle. Signals of two pre

cision levels are transmitted to provide the opportunity for user investments
 

to match navigation requirements.
 

The space vehicle navigation system provides continuous earth coverage
 

for a navigational signal comprised of both a clear/acquisition (C/A) signal
 

and a precision (P) signal on one L-Band carrier and a precision (P) signal
 

or a (C/A) signal on a second L-Band carrier. The navigation signal is
 

composed of pseudo-random noise (PRN) ranging code signals. Superimposed
 

data provides satellite system time for acquisition aiding, the space vehicle
 

ephemerides and clock correction.
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PRN phase modulated signals are generated and radiated in two bands, L 

and L The L1 carrier components are bi-phase shift key (BPSK) modulated 

by separate PRN codes which contain the required navigation information. One
 

carrier component is the precision (P) navigation signal and the other is
 

the clear/acquisition (CIA) signal. The P and CIA carrier components are in
 

phase quadrature and their relative RF power levels depend upon which of the
 

two operating modes is utilized. The L2 carrier signal is bi-phase modulated
 

by the same P or CIA signals used to modulate L1 , selectable by ground command.
 

The Li and L2 carriers and all modulation rates are derived from a common
 

frequency source.
 

Characteristics of the baseband P and CIA codes are as follows with
 

the frequency and time tolerances being controlled by the SV frequency stan

dard.
 

P C/A
 

Chipping Rate (Mbps) 10.23 1.023
 
Code Repetition Period 7 days 1 millisecond
 
Data Rate (bits/sec) 50 50
 
Frame Length (bits) 1500 same
 

The transmitted system data D(t) carries space vehicle ephemerides, sys

tem time, space vehicle clock behavior data, system status messages, and
 

CIA to P signal handover information. The data stream D(t) is common to both
 

the P and C/A signals on both L1 and L2.
 

GPS is expected to be partly operational, with two dimensional naviga

tional service (9 SV's) in 1981. Full operational status (24 SV's) is pro

jected for 1984.
 

To summarize, some of the capabilities afforded by GPS are:
 

o Wide area, global coverage
 
o Three dimensional position and velocity
 
o Real-time, continuous access
 
o Compatible with rapidly maneuvering aircraft
 
o No user radiation required
 
o No system saturation
 
o Compatible with many user classes
 

Expected current CPS accuracies are:
 

o Position (x, y, z): 10 meters
 
o Velocity (x, y, z): 0.5 m/sec
 

o Synchronized Time: 20 nsec
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JTIDS-RELNAV
 

The Joint Tactical Information Distribution System (JTIDS) is an L-Band,
 

synchronous, time-division multiple-access (TDMA) spread spectrum system 

which provides passive, high-accuracy (PN codes) relative navigation (RELNAV) 

with respect to other terminals within a net of users. 

Multilateration ranging techniques are used; however, the basic observable
 

is a TOA measurement used in conjunction with appropriate position estimators
 

(Kalman filtering). Although RELNAV involves relative position-fixing be

tween users, absolute position data can be obtained if some of the terminals
 

have independent knowledge of geographic position.
 

Position-fixing algorithm, least-square estimation and coordinate con

version programs are resident in a tactically-expedient minicomputer.
 

JTIDS-RELNAV represents the operational state-of-the-art in tactical
 

radio position-fixing from the viewpoint of technique, hardware and software.
 

The following outline is a condensation of the characteristics of a
 

number of additional position locating systems. It includes systems with
 

ranging only, as well as systems combining range and inertial measurement.
 

One system is a laser radar which measures azimuth, elevation, and range to
 

the target from a ground based site.
 

AROD,(RRS)
 

A. Data Source/References (all by Motorola)
 

1. AROD Test and Feasibility Demonstration Program Definition
 

2. AROD Vehicle Tracking Receiver Design
 

3. AROD System Concept
 

4. AROD System Test Model
 

5. AROD Test Model Hardware
 

6. AROD Flight Demonstration Proposal
 

7. AROD Flight Demonstration Test Report
 

B. Operational Description
 

1. Three or more ground-based, completely automatic transponders
 

2. Space vehicle based interrogator
 

3. Space vehicle based computer
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B. 	Operational Description continued
 

4. 	Range modulation: + 900 phase shift, PN code
 

5. Readout: 	 4/sec.
 

6. 	Acquisition: 2 sec.
 

7. 	PN code: Low clock rate for acquisition; high clock rate for
 
tracking
 

Length: 6.084 x 106 count equivalent
 

Down Link: 2.214 GHz
 

Up Link: 1.800 GHz
 

Command: 137.5 MHz
 

Transponders: 60
 

S-Band: 20W
 

VHF: 6W
 

Threshold: -126 dBm
 

Dynamic range: 27 dB
 

N.F.: 8.3 dB
 

Power Required:
 

Interr: 143W
 

Trans.: 220W
 

Tracking BW: Range, 4-5 Hz; carrier, 200 Hz
 

Signal: As strong as -70 dBm degrades the performance
 

C. 	Employment (Scenario)
 

Range and range-rate measurements from space vehicle to ground
 

are transmitted on a turn-around S-band link. Range is determined
 

from two-way time delay; range rate, from Doppler shift of S-band
 

carrier frequency. PN code length assures no ambiguity within
 

3.042 x 	106 M. Transponders are phase locked loop tracking type-

not easily adapted to multiple interrogators.
 

Interrogation of three transponders is simultaneous, while fourth
 

is being acquired. Pick-up and drop are automatic, controlled by
 

range.
 

D. Principal 	Sources and Magnitudes of Error
 

1. 	Range to position geometrical blow-up error (GDOP) 10 times the
 
range error
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.D. Principal Sources and Magnitudes of Error continued
 
5
 

2. 	Survey error 1 x 10


3. 	Altitude measurement error (negligible if calibrated during line
 
crossing)
 

4. 	Equipment error 0.7 feet RMS
 
6
 

5. 	Atmospheric propagation velocity error, 6 
x 10-


E. 	Accuracy Specifications (bench test)
 

Range
 

Resolution 0.25m
 
Accuracy + 0.5m (0.75m, with 26 dB co-channel interference)
 
R max, 2 x 106m (unambiguous range)
 

Range Rate
 

Resolution 0.02 m/s
 
Accuracy + 0.015 m/s
 
R max + 1:.2 x2104 m/s
 
K max 450 m/s (for 20 sec)
 

F. 	Cost Estimate
 

10's of thousands of dollars for transponders
 

G. 	Availability
 

No working system exists
 

CIRIS, Litton/Cubic CR-100 (RRS, IMU, Kalman)
 

A. 	Data Source/References
 

1. 	CIRIS Design Evaluation Report [6]
 

2. 	Precision Ranging System, CR-100 brochure
 

3. 	Study of Instrumentation Methods for Precision Determination of
 
Aircraft Position, Velocity and Attitude (Motorola)
 

4. 	Telephone conversations with:
 

(a) 	Richard Pearson, Holloman APB
 

(b) Bard Crawford, TASC
 

(c) 	Visit to Litton and Cubic
 

5. 	Post-Flight Filtering and Smoothing of CIRIS Inertial and
 

Precision Ranging Data
 

B. 	Operational Description
 

1. 	Radio Reference System: Ground based transponder (R and R),
 
Cubic CR-100
 

2. 	Airborne interrogator
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B. 	Operational Description continued
 

3. 	IMU: Litton AN/ASN-86, with Navigation Computer Unit, which
 
uses barometric altimeter input to vertical channel
 

C. 	Employment
 

Sequential interrogation from airborne reference platform of the
 

ground site transponders, at rate of 5 sec per transponder, 15 sec 

for three units. Range and range rate are obtained at same time in 

each interrogation. Dropout of one transponder and pickup of 

another, to get optimum location accuracy, is possible. The RRS
 

may be viewed as reinitializing the IMU, or the IMU can be viewed
 

as a smoothing filter to give continuity of data between RRS in

terrogations. A 10-state Kalman filter permits the hybrid system
 

to be more accurate than either component (IMU or RRS) alone, pro

vided the filter is properly designed. This implies good prior
 

knowledge of the characteristics of the sources of error.
 

D. 	Principal Sources of Error
 

1. 	TMU sensors (gyros and accelerometers)
 

2. 	Attitude readout
 

3. 	Range measurement (scale factor and atmospheric disturbances)
 

4. 	Range rate measurement
 

5. 	Barometric measurement
 

6. 	 Survey 

7. 	Computer mechanizations
 

E. 	Accuracy Specifications
 

Position: 12.5 feet BMS (150 mile maximum spacing between
 
transponderg)
 

Velocity: 0.05 ft/sec RMS
 

Attitude: 15 se/axis PEMS
 

F. 	Cost Estimate
 

$100,000 for each transponder (space shuttle version)
 

$1,500,000 for airborne unit
 

C. 	Generic system
 

Is operational at Holloman AFB
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AC Carousel/Cubic CR-100 (RRS, IMU, Kalman)
 

A. 	Data Sources/References: same as CIRIS (see above)
 

B. 	Operational Description
 

1. 	RRS: Cubic CR-100, range only, ground based
 

2. 	Airborne interrogator
 

3. 	IMU: AC Carousel IV, with 32-speed resolver for azimuth readout
 

4. 	Northrup NDC-1051A computer
 

C. 	Employment
 

Same as CIRIS system except that Kalman filter has 22 states
 

(including 3 for survey errors when in "survey mode"). Every fifth 

measurement is the output of an altimeter and four transponders are 

interrogated cyclically rather than three. Every 10 seconds the 

system is updated by a single scalar measurement, so 50 seconds is 

the 	period of an interrogation cycle.
 

D. 	Principal Sources of Error
 

Same as CIRIS system but with bias tip rate in place of azimuth
 

gyro scale factor error and certain other sensor errors. Absence
 

of range rate information as an independent measurement affects
 

error distributions and magnitudes.
 

E. 	Accuracy Specifications: Same as CIRIS system
 

F. 	Cost Estimate
 

$100,000 for each transponder (space shuttle version)
 

$1,500,000 for airborne unit
 

G. 	Generic System is operational at Holloman AFB
 

SHIRAN 	 (RRS) 

A. 	Data Source
 

1. 	Study of instrumentation methods for precision determination
 

of aircraft position, velocity and attitude (Motorola)
 

2. 	SHIRAN Geodetic Survey System, Electronic
 

B. 	Operational Description
 

1. 	3 GHz
 

2. 	4 of 6 transponders at a time 

3. 500 	miles capability 
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B. 	Operational Description continued
 

4. 	Preflight calibration (pole beacon)
 

5. 	Interrogation: 12 millisec, each station, every 0.1 sec.
 

6. 	4 sinewave frequencies, lowest gives least significant digit
 
= 500 miles
 

7. 	4 modulation + 12 tad 

8. 	RF BW = 35 Hz
 

9. 	Continuous range tracker, 10 samples/sec input, 22 bits @ 
5/sec (110 bits/see) output 

10. Receiver: -107 dBm sensitivity
 

11. Transmitter power: 20W, airborne and ground units
 

12. Antenna gain: A/C, 8 dB; ground, 18 dB
 

13. Transponder: 250 lb. 50 foot pole mounted, must be monitored
 

14. Dynamic range: not designed for short transmission paths
 

C. 	Employment Scenario
 

Aerial surveying. Calibration by pole beacon; line crossings
 

for range and altitude calibration during flight. Adaptable to
 

multiple users and to slaving.
 

D. 	Principal Sources of Error
 

1. 	Atmospheric effect of index of refraction along propagation path.
 

2. 	Accuracy of survey of benchmarks used for reference.
 

3. 	Calibration errors.
 

E. 	Accuracy (measured)
 

1. 	Position resolution: 9 inches
 

2. 	Position accuracy: 3 m (includes propagation and survey error)
 

F. 	Cost Estimate
 

-$25,000 for each six transponders
 

.$200,000 for airborne interrogator
 

G. 	Availability: Exists, has military designation, AN/ASQ-32
 

PLRS Hughes/Gen. Dynamics (RRS)
 

A. 	Data Source/References: personal notes
 

B. 	Operational Description
 

1. 	One master unit, one sub-master unit
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B. .Operational Description continued
 

2. Many man-packed, surface vehicular and airborne units
 

3. Range 	measurements
 

4. Trilateration computes three dimensional position
 

5. Unit display of position, navigation, related information
 

6. Time slot reporting
 

7. 100 	message types
 

8. 1.875 	second reporting cycle (frame)
 

9. 9 millisecond range/message time slot, 900 per frame
 

10. 	Aircraft reporting cycle: 2 seconds at 15 per second maximum
 
rate for a mix of users
 

C. 	Employment
 

Tactical data support system for command and control of deployed
 

amphibious assault forces. Capacity! 370 users.
 

D. Principal Error Sources
 

Probably equipment, since accuracy specifications are poor
 

E. 	Accuracy Specifications
 

Zone A Az El
 

slow, fixed wing a/c 50 m 50 m
 
high speed 200 m 200 m
 

Zone B
 

slow 
 200 m 200 m
 
high speed 400 m 400 m
 

F. Cost Estimate: Several million dollars for a full system
 

G. Availability: Operating system at Navelex, Fleet Marines
 

RMS-2/DCS 	 (Range Measuring System Data Collection System), General Dynamics 

A. Data 	Source/References: Notes, brochure
 

B. Operational Description
 

1. Fixed 	and mobile interrogation (A units)
 

2. Relay 	(D units)
 

3. One 	centralized, computer interfaced (C unit)
 

4. Range 	[C/A or D:9km; A/B:64km(LOS)]. By command from C unit,
 
A unit interrogates B unit by sending a ranging pulse, measuring
 
time to response, sending 15-bit number to C unit
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B. 	Operational Description continued
 

5. 	Time Slot: 0.744 percent duty cycle/B unit
 

6. WWV 	synchronization
 

C. 	Employment
 

Cylinder 20 miles diameter, 20,000 ft. altitude. Men, vehicles, air

craft. Position and communication. C unit uses simi-trailer (10 tons)
 

scaffold tower, parabola & omni antennas. Full computer/terminal equip

ment. Power required: 18 kW. A-station has erected tower & unmanned
 

electronics.
 

D. 	Principal Sources of Error
 

1. 	Survey errors for C and A units
 

2. 	Propagation errors
 

3. 	Equipment errors, A/B units, including A unit clocks
 

E. 	Accuracy Specifications
 

1. 	Position, +3 meters, with respect to known reference in x,y,z
 
coordinates
 

2. 	Precision of ranging: + 2 meters
 

3. 	Clock must thus have pulse jitter less than + 7 nanoseconds
 

4. +20 	meters reported as experienced Yuma Proving Ground
 

F. 	Cost Estimate: C unit: $350,000; A unit: $50,000; Micro B unit:

$35,000 
each
 

G. 	Availability: .Operational at Yuma Proving Ground
 

RMS/SCORE, General Dynamics (PRS, IMU, Kalman)
 

A. 	Data Source/Reference
 

1. 	Trip reports
 

2. 	Brochures
 

B. 	Operational Description
 

Same as RMS-2/DCS, with additions of SCORE (Simulated Combat Opera

tions Equipment), large scale computer capability & large screen 3-D
 

real time display. SCORE has an aircraft sub-system which includes:
 

IMU (strapdown)
 
Signal conditioner
 
Micro B transducer
 
Antenna and radome
 
Air data unit
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C. Employment
 

Extends RMS-2/DCS from primarily locating ground based equipment
 

and low flying support aircraft to include high-flying aircraft.
 

D. Principal Sources of Error: IMU, and same as in item VI
 

E. 	Accuracy Specifications
 

Position: 25 feet any axis
 

Velocity: 15 feet/sec
 

IMU:
 

Accelerometer bias (30): 2 x 10-3g
 
Accelerometer misalignment (3a): 205 sec
 

Flight test errors (in good, transitional, and bad geometry re
gions)
 

X and Y: + 4 meters
 
Z: +6, 	8, 10 meters
 
Roll and pitch: + 1 degree
 
Yaw: 1.5, 2.0, 2.5 degrees
 

F. Cost Estimates
 

SCORE pod: $100,000
 

Micro B unit: $35,000 each
 
C unit: 350,000 each
 
A unit: 50,000-each
 

G. Availability: Can be ordered
 

ARTS (Airborne Range Instrumentation System)-Litton (RRS, IMU, computer)
 

A. Data Source/Reference
 

1. Trip report
 

2. Brochure
 

B. 	Operational Description 

SUU - 16, gun type pod, 22 inches diameter, 15 feet long, 800 lb. 

ieU: AN-92 INU 

Computer: ASN-92 ANCU 

Pitot tube probe 

Air pressure transducer 

Interrogator 

Recorder 

Power supply and control 
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B. Operational Description continued
 

1.6 GHz interrogator
 

Cubic CR-lO0 ground sited transponders
 

C. 	Employment
 

High precision bomb scoring
 

Quick data turn-around
 

One-day preparation
 

Unmanned ground transponders
 

Base maintenance
 

D. Principal Sources of Error: Same as CIRIS
 

E. 	Accuracy Specifications
 

Position: 5 feet
 

Velocity: 0.5 feet/sec
 

F. Cost Estimates
 

Pod: $350,000
 

Transponders: $12,000
 
Ground data terminal: $50,000
 
Support equipment: $30,000
 

G. Availability: Operating at Eglin AFB. Can be purchased.
 

PATS, Sylvania (laser radar; azimuth, elevation, range)
 

A. Data Source/References
 

1. Trip report
 

2. Brochure
 

B. Operational Description
 

YAG, 1.06 micron wavelength
 

Tracking laser
 

Elevation over azimuth mount, ground based
 

Retroreflector fastened to target
 

Joystick acquisition
 

Video camera co-mounted with laser for aid in acquisition
 

Minicomputer
 

Video recorder
 

X-Y plotter
 

Range counter
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B. 	Operational Description continued
 

Logic control unit
 

Instrument van
 

C. 	Employment
 

Tracks mortar shell, helicopter, aircraft
 

Maximum range, 100,000 feet
 

Data rate: 10, 20, 50, 100/sec
 

Coverage: Azimuth, + 170 degrees; elevation, -5 to +85 degrees
 
2
Slewing characteristics: 0.5 radIsec, 0.08 rad/sec , azimuth
 

and elevation
 

Display: Range, 1 foot increments; elevation and azimuth, I
 
degree increments
 

Field of view: Video, 5 to 20 degrees (zoom); laser, acquisition
 
3 millirad
 

Set-up: 1 hour
 

D. 	Principal Sources of Error
 

Atmospheric refraction
 

Optics mechanical error
 

Servo and readout resolution
 

E. Accuracy Specified (up to 65,000 feet)
 

Range, + 2 feet
 

Azimuth and elevation, 0.1 milliradian
 

F. Cost Estimate: $600,000, complete with instrument van
 

G. Availability: Operational at Yuma Proving Ground
 

A-7E Navigation and Weapon Delivery System (RRS, IMU)
 

A. 	Data Source/References
 

"A-7E-Simulation and Testing", 6th Guide Test Symposium
 

B. Operational Description
 

IMU: AN/ASN-90 (V) 

Doppler 	Radar Set (DRS): AN/APN-190(V) 

Forward 	Looking Radar (FLR): AN/AFQ-126(V) 

Air Data Computer (ADC): CP-953/AJQ 

Heads Up 	 Display: AN/AVQ-7 (V) 
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B. 	Operational Description continued
 

Projected Map Display: AN/ASN-99
 

Tactical Computer Set (TC-2): AN/ASN-91(V)
 

C. 	Employment: Used on A-7E attack Naval aircraft
 

D. 	Principal Sources of Error: Not discussed in reference
 

E. 	Accuracy Specifications
 

1. 	Probably not stringent because missiles require only rough aiming
 
if they are homing devices
 

2. Gun 	aiming probably uses feedback, miss distance error signal
 

F. 	Cost Estimate: Not given
 

G. 	Availability: All equipment in military arsenal
 

The systems described thus far have been oriented toward terrestrial
 

and aerial tracking. In fact, the majority of existing tracking systems fall
 

into this category. There are. however, sonar positioning systems such as
 

ATNAV I and II which are designed for underwater use. Centered around a DEC
 

PDP-Il minicomputer, the ATNAV system uses many of the same techniques as its
 

land-locked counterparts to locate and track objects undeiwater. Currently,
 

the 	Navy is using an ATNAV system to track their submersibles. This particu

lar 	system not only has range/range/range locating capability, but also in

corporates a range/bearing system which permits tracking of a submersible
 

without deployment of transponders in operations where precise positioning
 

is not required [42].
 

The Navy also has a number of systems used in antisubmarine warfare (ASW)
 

to locate targets. Typically, these systems rely on the deployment of sono

buoys to form triangulation nets. These can be either active or passive in
 

nature (sonar, hydrophones). The locating techniques employed are the acoustic
 

analog of those mentioned in earlier sections.
 

One other class of remote locating and positioning systems is the small
 

self-contained bearing-only triangulation sets used primarily by ships around
 

harbors in times of poor visibility. Such systems are commercially available
 

but are limited in range and degrade rapidly in accuracy as target distance
 

increases. Falling into this category are most current animal tracking systems
 

which typically employ bearing-only triangulation with manually scanned antennas.
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Such systems are neither automatic nor are they accurate at target distances
 

beyond several kilometers.
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MEASUREMENT TECHNIQUES
 

Remote measurement of position is dependent on the ability to compare an
 

apparent position with a known reference. "Remote" measurements implies that
 

this comparison will be performed from some location or locations distant to
 

the position being measured and that no physical contact with this position is
 

required in performing the comparison.
 

Position locating systems interact with either cooperative or uncoopera

tive targets. An uncooperative target plays no active role in the remote de

termination of its position. A cooperative target, on the other hand, is one
 

that can give the interrogating system some type of additional information to
 

aid in the determination of its location. Of course, an interrogating system
 

must be configured to accept the particular type of information available from
 

a cooperative target and for this' reason, there are several general categories
 

of cooperative target trackers while techniques of uncooperative target tracking
 

are less varied.
 

Systems for locating position in one, two and three dimensions already
 

exist. Each added dimension or degree of target freedom that is to be accounted
 

for by a tracking system increases not only the complexity of the system, but
 

also the uncertainty in determining the actual position of the target. Manatee
 

tracking will involve two dimensional position location, being concerned with
 

range and azimuth variables only.
 

The following discussion sets forth the principles of operation for nu

merous positioning schemes that could have application to manatee tracking.
 

The discussion of sensing media has been left to subsequent sections as the
 

techniques to be addressed are independent of the type of energy (acoustic,
 

electromagnetic, nuclear, etc.) used for target interrogation.
 

Uncooperative Target Tracking: Single Site. To track uncdoperative
 

targets from a single station, range and azimuth information must be gathered
 

from energy reflected off the target. The only reflected energy of use will
 

be that which is reflected radially toward the receiver station. The source
 

of the energy that is subsequently reflected off the target can be naturally
 

occurring or artificially generated. Naturally occurring energy (for example
 

sun light) is uncontrollable and unreliable, so most single site trackers rely
 

on an internal energy source to "illuminate" the target.
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The typical mode of operation used in single site trackers involves the
 

comparison of the reflected energy image with a range and azimuth calibrated
 

standard located at the receiver site. The mechanism necessary to achieve this
 

is quite simple; however, both the range and azimuth resolution degrade as the
 

target-receiver site separation is increased. An example of a system operating
 

on this principle would be a device that was a cross between a range finder
 

camera and a theodolite.
 

If the reflected energy originally eminates from the site, then it is
 

possible to regulate its output such that it is emitted in short bursts. If
 

the propagation speed of the energy through the medium separating the target
 

and transmitter/receiver site is known, then the round trip energy propagation
 

delay can be measured from the instant of transmission to the reception of the
 

reflected energy back at the site. The relation
 

distance = c(At)
 

(where c is the speed of propagation and At is the round trip propagation
 

delay) can then be used to calculate target-site separation. The position of
 

the target can then be determined when this is coupled with azimuth readings
 

from a calibrated standard. As before, range and azimuth accuracy decreases
 

with increasing range.
 

Azimuthal precision depends on how accurately the relative (measured)
 

azimuth can be compared to the calibrated standard. Azimuthal resolution is
 

a function of receiver beamwidth. Thus the narrower the beamwidth, the higher
 

the resolution. Range precision, on the other hand, is limited by the accuracy
 

with which the transmit/receiver interval can be measured. Typically with
 

systems of this type, the range precision will be far greater than the range
 

resolution obtainable. Range resolution is limited by the transmitted pulse

width; the shorter the pulse duration, the finer the range resolution. Examples
 

of systems operating on this concept are pulsed radars, lidars and sonars.
 

Additional information can be obtained from the reflected energy if Doppler
 

shift is monitored. The radial velocity component of the target motion vector
 

is directly proportional to the frequency difference between the transmitted
 

energy and that which is reradiated from the target. This information can be
 

used to extrapolate future target positions or to estimate current target
 

position if the reflebted energy flow is temporarily obstructed.
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Uncooperative Target Tracking: Multiple Site. Improved positioning can
 

often be achieved by the use of multiple sites since a given target is less
 

likely to become completely masked (e.g. by an island) from all monitoring
 

sites. However, certain problems can arise when dealing with an uncooperative
 

target. In order to interrogate the target, one or more of the sites must
 

illuminate the target with energy, Depending on the site configuration, one
 

or more of the sites may receive the radiated energy directly from another
 

transmitting site without the energy having been reflected off the target.
 

Thus, stations could interfere with one another, though intersite synchroniza

tion can be used to alleviate much of this problem.
 

When considering multiple sites, two major techniques are generally em

ployed to fix the position of an uncooperative target, interferometry and multi

lateration. Interferometry derives ranging information from phase angle in

formation contained within the received energy.
 

Interferometry. The use of interferometry with an uncooperative target
 

relies on the following principles. If a source continuously'emits radiation
 

which is continuously reradiated from an object, then the wavefronts of the
 

radiated and reradiated energy will interfere (provided the reflection of
 

the energy preserves coherence and some component of the reflection is directed
 

radially back toward the source). The amplitude and phase of the transmitted
 

energy are known while that of the reradiated energy is unknown. When wave

fronts of these propagating energies encounter one another, the intensity of
 

the summed energy will depend on both the amplitude and the phase of the trans

mitted wavefront. Thus, if
 

A(x,y,z) A(x,y,z) exp[-j5(x,y,z)]
 

represents the transmitted wavefront of the energy, and
 

a(x,y,z) = a(x,y,z)exp[-jO(x,y,z)] 

represents the wavefront of the reradiated energy with which interferes, the 

intensity of the sum is given by 
I( 1x'z12 + ,( [~)2 

I(x,y,z) = Itx,y,z)[ 2 + Iax,y,z)1 + 2A(x,y,z)a(x,y,z)cos[ (x,y,z)-4(x,y,z)] 

While the first two terms of this expression depend only on the intensities of
 

of the two waves, the third depends on their relative phases. This information
 

can then be used to calculate distance.
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Multilateration. Since range measurements typically become more accurate
 

than angular measurements as target distance increases, a method using multiple
 

sites known as multilateration, can be used to fix uncooperative target posi

tions based on range information only, or on various combinations of range and
 

angular information. Consider the multilateration scheme in Figure 4 which
 

involves three sites (trilateration) each of which is capable of radiating
 

energy. Data collected from all sites must be brought together for processing.
 

A minimum of three observations must be used. Assuming that each site can
 

measure angles 4, 0, and r, Table 2 shows how various combinations of these
 

measurement can be used to position fix the target at x, y, z. Note that not
 

all combinations work; for instance, use of r., r2 and l results in ambiguity.
 

The first seven entries- in Table 2 pertain to two-site position-fixing.
 

The remaining entries are three-site fixes. In practice, three or more sensor
 

sites are necessary to remove ambiguities, reduce geometric dilution of pre

cision (GDOP), eliminate flase targets in a multiple target situation, improve
 

coverage and field of view (FOV) and reduce propagation/atmospheric errors.
 

Systems utilized in interferometry and multilateration to position-fix
 

uncooperative targets are sonar, lidar and radar. The preceding general expla

nation of these techniques has been for the three-dimensional case; however,
 

when applied to manatee tracking, the elevation components (4) can be dropped
 

from the analysis.
 

Cooperative Target Tracking. When a target is cooperative, a great deal
 

more information about is position can be gathered with increased accuracy.
 

In general, the same techniques used to position-fix uncooperative targets can
 

be used with cooperative ones. However, techniques such as proximity loca

tion, inertial systems and transponder operation are only possible with coop

erative targets. All cooperative systems used to track manatees will entail
 

the placement of an electronics package on the tagged individual. This is a
 

significant drawback logistically, but extremely beneficial from a systems
 

standpoint. The systems decribed thus far require energy of some sort
 

to be directed at the target, reradiated from the target and received. As
 

will be seen in subsequent sections dealing with energy media, the air-water
 

interface will greatly hamper the direct reflection of energy from a given
 

manatee due to either attenuation or multipath propagation. Additional ad

vantages of a cooperative target system are simplified identification of indi
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viduals and the omission of energy radiators at the sites (or at least diminished
 

radiated power requirements in the case of a transponder system.
 

Proximity Systems. A proximity location system is one in which a large
 

number of receiver sites are placed in a fixed array. The target, being
 

cooperative, radiates energy either continuously or on a time sequenced basis.
 

Signal strength is measured periodically by each site that is within sufficient
 

range of the target to receive its signal. Assuming no ducting or shaddowing
 

of the signal occurs (i.e., a homogeneous propagation medium), then the re

ceiver sites can be ranked in terms of received signal amplitude. This will
 

yield signal strength contours from which target position can be estimated.
 

The denser the sensor array, the greater the position fixing accuracy. Figure
 

5 shows a network of such sensors as might be used in an acoustic proximity
 

system.
 

Interial Systems. Inertial systems provide position or location infor

ination by electromechanical or electronic methods using completely self-con

tained equipment requiring no incident electromagnetic field. It is the only
 

candidate system that does not depend upon a propagated energy field for
 

position fixing. A one way telemetry link is necessary however to relay the
 

inertial system output data to a remote receiving station.
 

An inertial unit calculates the target position relative to a known
 

starting point (in x, y, z coordinates) by sensing and double integrating
 

accelerations acting on the unit as measured in an inertial coordinate frame.
 

Gimbaled inertial systems obtain the inertial frame accelerations by mounting
 

accelerators upon a stable platform, while strapdown inertial units measure
 

accelerations in a body fixed frame and electronically transform them to an
 

inertial frame (using angle sensing devices such as rate gyroscopes). An
 

additional benefit of the use of inertial systems is that target velocity vec

tor information is available as a side product. In either case, the position
 

of the target relative to its reference point is determined by double integra

tion of translational accelerations expressed in an inertial frame. The accu

racy of the resultant position information is primarily dependent upon drift
 

in the gyros of the inertial platform or of the strapdown system and upon the
 

accuracy of the electronic integration.
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42 STATION PROXIMITY-SENSING SONOBUOY NET
 

Acoustic Proximity Sensing Example
 
Figure 5
 



Gimbaled systems represent the more mature technology, while the strap

down techniques have recently emerged from space vehicle technology. Perfor

mance of a gimbaled inertial system depends heavily upon precise machining
 

and other mechanical characteristics of the inertial platform; this precision
 

mechanical requirement is one of the key cost factors in gimbaled inertial
 

systems. Strapdown systems, on the other hand, have significantly less strin

gent mechanical precision requirements, but do require significant additional
 

computations to be made by an on-board computer or dedicated microprocessor
 

system. The trend in the development of inexpensive computer systems and
 

subsystems is in the favor of strapdown inertial systems.
 

Some of the important advantages of strapdown systems as compared to
 

,gimbaled systems are: (1) the nonexistence of a gimbaled platform eliminates
 

errors associated with the platform stabilization; (2) being free from gimbal
 

lock allows an all-attitude operation; (3) absence of mechanical platform
 

gimbals makes the system smaller in size, lighter in weight, more rugged in
 

mechanical structure and results in less power consumption; and (4) the po

tential of higher reliability. These advantages are achieved at the expense
 

of a more complex electronic unit and a more stringent computer requirement.
 

However, the progress of integrated circuit technology has made this tradeoff
 

worthwhile.
 

In inertial systems, there exist a number of position error sources that
 

are unique to inertial systems; these include electrical and mechanical as well
 

as dynamic errors. Some specific error sources are:
 

1. inaccuracy of transducer
 
2. misalignment of baseplate
 
3. runout of gimbal bearings
 
4. nonorthogonality of gimbal axes
 
S. misalignment of sensor
 
6. servo error
 

It is well recognized that the environmental tolerance of present guidance
 

inertial systems is dictated by the platform. Being a precision electro

mechanical device, the platform is affected at considerably lower tolerance
 

levels than are electronic devices. Thermal conditioning of the inertial com

ponents is difficult in a platform system, since all signals and power are
 

conventionally transported through the gimbaling structure by slip rings. In

sulation to control heat flow is prohibited by the volumetric restrictions; a
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comparatively small change of volume on the inner element requires a large
 

change in total volume, due to the multiplicative nature of the gimbaled
 

structure. Inability to control heat flow results in slow warmup, large
 

power dissipation and poorly regulated component temperatures. This is parti

cularly true in relation to a manatee tracking system which would require the
 

inertial system and its telemetry electronics to be enclosed in a water-tight
 

container which would further restrict heat flow. In general, inertial systems
 

are not good candidates for use in a manatee tracking system because they are
 

typically heavy, bulky, and lack long term stability.
 

Transponder Systems. A transponder system differs from the single and
 

multiple site radiating systems in that the targets are not cooperative, each
 

carrying a receiver and transmitter to relay information on command such as
 

identification and orientation. Ranging is typically performed by transmission

to-time-of-arrival. However, the weak reflected energy return is ignored. The
 

mode of operation is thus: site transmitter transmits a coded signal (the code
 

is the "name" of a single cooperative target); the appropriate target responds 

to the coded signal by transmitting back its own identifying code or any 

other information desired. Each receiver-transmitter carried by a target has 

a known receive-to-transmit propagation delay. Range information at each site 

is calculated by observing that the round trip propagation delay (Atot) equals 

the site-to-target propagation delay (Al), plus the known receiver-to-trans

mit propagation delay of the target's transponder circuitry (A2), plus the tar

get-to-site propagation delay (A3). Therefore, the one way distance from site 

to target is
 

RANGE(m) = ([(Atot) - (A2)1/2) * (3 x 108m/s)
 

If the target is interrogated by all of the sites that can establish a com

munications link, then triangulation techniques can be employed to establish
 

the target's horizontal position. It should be noted that the interrogate
 

and answer back energy type need not be the same. In addition, transponder
 

operation is not limited to range only triangulation to find the target posi

tion. Direction of arrival and phase comparison techniques are also applicable
 

though less popular.
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When one target has been completely interrogated, the transmitted code
 

name will be automatically.changed and the next target interrogated. In this
 

way, all targets will eventually be polled.
 

The speed with which this polling can take place is sufficient to handle
 

a large number of targets. However, the degree of sufficiency is dependent
 

on the speed of the targets. Adaptive polling can be incorporated to increase
 

the frequency of interrogation of those targets whose velocity exceeds some
 

threshold. Targets that are detected not to be moving after several interro

gations might be dropped to a lower interrogation frequency in the polling cue
 

to accommodate the stepped up interrogation activity associated with high velo

city targets.
 

Intersite communications is an essential element to this type of tracking
 

system since interrogation results from each peripheral site must be relayed
 

to a main site for reduction and incorporation into the triangulation algo

rithms. Also, the main site must communicate polling sequences to each peri

pheral site. A high speed computing facility will be required at the main site
 

in order to maintain real-time operation while controlling the polling sequences
 

and applying the triangulation algorithms to the incoming data. For this reason,
 

it would be advantageous to put some of the processing in the peripheral sites
 

as well. For example, if Doppler shifts in the returned signals were analyzed
 

to aid in the determination of target velocity (note that velocity can be de

termined from change in target position alone), this analysis could be per

formed at the peripheral site and digitized prior to transmission to the main
 

site.
 

Another essential item to this system is the receiver/transmitter and
 

decoders carried by each target. These units must be amenable to placement
 

on a manatee and battery operated.
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MEDIA
 

The energy medium chosen to remotely track manatees should satisfy the 

following: 

o 	 Ease of generation and reception 
o 	 Lack of natural or man-made interference 
o 	Non-hazardous to man, manatee or environment
 
o 	Unobtrusive to man, manatee or environment
 
o 	Reliable
 
o 	Economic
 
o 	Result in small physical size and weight of items that must be
 

carried by the tagged manatee
 

Certain energy media such as kinetic, nuclear, gravitational, etc. present
 

a low probability of success and involve high risk technologies in comparison
 

to 	those examined below. Therefore, they have been discounted at the onset.
 

The types of energy that appear to have the highest probability of return
 

when applied to a manatee tracking system can be categorized as either electro

magnetic or acoustic. Of course, within these categories are extensive spectra
 

of frequencies each of which has properties that could make it a viable candi

date for tracking. Certain limiting factors do enter into this analysis, how

ever. First, the manatee is totally aquatic. This means that energy must
 

propagate solely in the air, solely in the water or be able to traverse the
 

air/water interface. Also, transducer technology limits the high frequency
 

extremes over which operation can be considered.
 

Acoustic Medium
 

Acoustic energy is easily generated and sensed. Technology exists for
 

producing acoustic energy at all frequencies from near static conditions (on
 

the order of barometric changes), through audio and into the high kilohertz
 

range (e.g. sonar) and beyond (surface acoustic wave (SAW) devices). Typically,
 

the same device that generates the acoustic energy can be used to sense its
 

presence (e.g. magnetostrictive devices or piezoelectric and ferroelectric
 

crystalline structures such as barium titanate posses this capability). These
 

devices can be quite compact and efficient.
 

As shown in Figure 6, both natural and man-made acoustic interference can
 

be expected at all frequencies in open water. The same is true in air. The
 

sould levels encountered typically decrease with increasing frequency. Due to
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the higher density of water with respect to air, sound is more easily channeled
 

in water and tends to travel faster and farther than in air. Though a seeming
 

advantage, this characteristic of sound in water will actually cause more pro

blems than it will solve in terms of the manatee tracking environment. Trans

mission of sound through the air/water interface is quite lossy due to the
 

great mismatch resulting from the abrupt change in density. Since air is the
 

less dense medium, acoustic energy will travel from air-to-water through the
 

interface more readily than from water-to-air. For this reason, bodies of
 

water tend to act as acoustic sinks.
 

Sound pressure below certain threshold levels is not believed to be
 

physically harmful to life; however, even at low levels sound with various
 

frequency contents can be a source of behavior modification in both man and
 

animals (some would argue that plants are-'affected too). In the case of the
 

manatee, sound interference could have a profound effect since manatees have
 

exceptional acoustic sensitivity [1]. According to Hartman [1], "sound is
 

doubtless the major directional determinant in social interactions. Guided
 

apparently by vocal cues alone, lagging bulls tend to follow beelines in
 

their efforts to catch up with estrus herds." Therefore, any system which
 

produces frequencies within the audible range of the manatee could result in
 

annoyance or, if it falls within the frequencies of vocalization (6-8 KHz
 

vocalization for T. inunguis, and 2.5-5 KHz T. manatus; after Evans et. al
 

[30]), could result in a jamming of the audio cues by which manatees locate
 

one another.
 

Sound propagation in the atmosphere is extremely inefficient compared to
 

that in water. An extreme example of this difference would be the detonation
 

of a one pound bomb in air and in the deep sound channel of the ocean. In air,
 

the explosion might be detected (acoustically) up to several miles away. Yet
 

when the same one pound bomb is detonated within the deep sound channel, it can
 

be heard easily above the background noise at a distance of 5,000 miles [8].
 

This is due primarily to the difference in density between air and water and
 

the density stratification that is possible in large bodies of water.
 

The use of acoustic propagation through the atmosphere over links of more
 

than 100 meters is not recommended. This precludes its use in the desired
 

manatee tracking system as a means of remote location. Atmospheric acoustic
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propagation is not extensively used in existing automatic remote location
 

systems with one noted exception being short range pulsed Doppler sensors as
 

might be found in an acoustic burglar alarm system or in various industrial
 

velocimeters and fluid level detectors.
 

Acoustic propagation in air is relatively uninteresting because air is
 

so homogeneous and rarified. Water, on the other hand, is subject to tempera

ture, salinity, pressure, etc. gradients which can drastically affect sound
 

propagation. Being denser, the absorption coefficient is higher. It increases
 

with (1) increasing frequency, (2) increasing salinity, (3) decreasing tempera

ture and, (4) decreasing hydrostatic pressure. In sea water, the absorption
 

is of a thermoviscous nature, owing to chemical relaxation, primarily of MgSO4,
 

and to viscosity. The relaxation process is the controlling loss mechanism
 

for frequencies below 100 KHz and viscosity losses are dominant for frequencies
 

above I MHz [16]. These density-changing mechanisms which influence sound
 

speed ultimately affect its path as well. Sound is refracted toward the region
 

of minimum propagation speed by density gradients. It can also be reflected
 

by abrupt density changes such as those occurring at the water surface and
 

bottom. Of course, any object in the path of sound propagation will cause
 

diffraction and reflection. All of these mechanisms are potential sources of
 

multipath interference. Multipath propagation occurs whenever energy can
 

propagate from a source to a destination by different paths. Slight variations
 

in path lengths or path propagation speeds result in spectra of received ampli

tudes, phases and sometimes frequencies. The smattering of received phases
 

and amplitudes causes both constructive and destructive addition of the signals.
 

The manatee lives in "acoustically shallow" water. Urick's [8] acoustical
 

definition of shallow water states that "shallow water dxists whenever the
 

propagation (of sound) is characterized by numerous encounters with both sur

face and bottom". There are a number of effects which are encountered in
 

shallow water acoustic operations. First is the certain occurrence of multi

path propagation as described earlier. This would hamper any long distance
 

determination of target azimuth or range by echo ranging techniques (sonar).
 

Another serious problem encountered in shallow water acoustics pertains to the
 

dispersion and distortion of the typically short pulses transmitted by sonars
 

in echo location. This is a result of the production of both a ground wave
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and a water wave. The received signal ends up being a composite of these two
 

waves with the return from the ground wave being received prior and during
 

the reception of the water wave. In addition, both the amplitude and frequency
 

of the ground wave steadily increase while the amplitude of the water wave in

creases and its frequency decreases. Both. waves terminate with the same
 

amplitude at a common frequency. The superposition of these two waves re

presents the received signal which is typically drawn out in time and unrepre

sentative of the originally transmitted pulse. This condition is caused by
 

mechanisms such as differing propagation speeds of the different frequency com

ponents contained within the transmitted pulse.
 

Attenuation is another area of concern when considering shallow water
 

acoustic operations. Typically, the attenuation of sound in shallow water in

creases with increasing
 

(a) 	frequency beyond a fundamental mode which can no longer be supported
 
in the given surface-bottom sound propagation duct.
 

(b) bottom reflection loss being greater for a sand-mud bottom (e.g.
 
the Banana River tracking area) than either sand or rock,
 

(c) negative thermal gradient (being greater in the summer than in the
 
winter),
 

(d) 	transducer depth if a density gradient is present, and
 

(e) sea state.
 

The effect of water depth is not constant, and depends on the gradient and
 

bottom type [8]. As can be seen, a number of variables affect the amount of
 

attenuation that can be expected. Other than transducer depth, frequency is
 

the only factor that can be optimized to achieve minimum signal loss due to
 

attenuation. Figure 7 shows the relationship between acoustic operating fre

quency and signal attentuation for sound ducts in general. Note that the in

dicated first mode cut-off frequency depends solely on the width of the surface
 

duct (in shallow water, this is the depth) and may actually occur to the right
 

of the superposition curve minimum. Mode theory indicates that this cut-off
 

condition exists whenever the wavelength exceeds four times the duct width.
 

In the case of a surface-bottDm duct, propagation can often occur in the bottom
 

material. Hence, the transmitted wavelength-to-duct width (water depth) ratio
 

must be modified by the velocity ratio of sound through the water and the bottom
 

material [9].
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The Banana River tracking area, besides being acoustically shallow, con

tains more than 300 major obstacles including islands, submerged sandbars,
 

bridge abutments, channel-dredging piles, channels, power distribution poles,
 

pilings, etc., Each obstacle is a potential source of multipath propagation or
 

signal blockage. The upper reaches of the Banana River are particularly
 

cluttered with extreme shallows and circuitous inlets.
 

Recommendations for an Acoustic System
 

A sonar tracking approach is not recommended for use in the specified
 

Banana River tracking range due primarily to the extent of the multipath signal
 

blockage and attenuation expected. In addition, there is no existing sonar
 

cross section data for manatees.
 

An acoustic triangulation system using a cooperative target electronics
 

package carried by the manatee would increase detection range; however, multi

path and signal blockage expected in the specified tracking range would make
 

the system highly unreliable. Acoustic triangulation is not recommended.
 

The only acoustic technique that can be recommended for use in manatee
 

tracking in the specified Banana River range would be a proximity system using
 

cooperative targets. Multipath will not affect the sensing of proximity if
 

the receiving net is-dense and the acoustic propagation distance of the manatee
 

tag is limited. A dense net will also overcome any signal blockage problems
 

due to obstructions. Since signal propagation is intended to he limited in
 

range, the effects of attenuation are less pronounced.
 

A disadvantage of this system lies in the number of receiver/transducers
 

necessary to implement a "dense" net. Exactly how dense the net is in any
 

given area would depend on the number of perceived obstructions in that area.
 

When designing the net, the manatee-borne acoustic source must be matched in
 

power to the open water grid spacing of the receiver net such that only the
 

closest members of the net are able to receiver the signal. This will minimize
 

error due to anomalous ducting. Modified sonobuoys like that shown in Figure
 

8 are an inexpensive way to relay signal strength information back to a main
 

site for reduction. Care must be taken when designing the sonobuoy network because
 

easily noticed or accessible sonobuoys are an invitation to vandalism. Avoidance
 

of boating lanes must also he considered.
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AN/SSQ-41B 

Typical Sonobuoy (Courtesy of Sparton Corporation]
 
Figure 8 



Choice of acoustic operating frequency becomes more of a pragmatic
 

problem (i.e., what is available off-the-shelf than a design problem. This
 

is because the importance of the effects of attenuation loss at a given fre

quency are diminished when working at the relatively short transmitter-re

ceiver separations that would be involved in this system. Before this technique
 

is actually employed, however, tests must be conducted on a manatee exposed
 

to the proposed acoustic frequency and amplitude of operation to determine if
 

there is any behavior modification or sensory interference. The literature
 

[30, 1] indicates that operating frequencies in excess of 10 KHz will be 

suitable for use with the manatee.
 

The RF frequency used to relay information from each sonobuoy to the main
 

site for processing can be at any frequency which will meet with FCC regula

tions. A particularly attractive frequency range extends from 130 MHz to
 

approximately 420 MHz. This region is open for use with low power communications
 

devices (with the exception of certain bands allocated to amateur, police, fire
 

and VHF TV channels 7-13). In addition, most commercial sonobuoys operate in
 

this range.
 

Simplification of the system will result if the sonobuoys are modified tQ
 

operate in an RF transponder mode. This will extend the operational lifetime
 

of each sonobuoy by restricting its activity to interrogation periods, thereby
 

reducing battery demand. By using a single frequency coded interrogation signal
 

issued by the main site, each member of the sonobuoy net can be identical in
 

operating frequency and transponder receiver electronics. Individual units
 

would vary only in their "code name" decoders (a minor difference).
 

The instrument package carried by the manatee would be nothing more than
 

an acoustic pinger (keyed acoustic source), timing circuitry and a battery
 

pack. Low duty cycle keyed operation of the source will conserve the battery.
 

Each pinger must emit the same acoustic frequency with closely matched output
 

powers. The timing circuitry is used to key up the pinger only during a given
 

interval each hour. Prior knowledge of which device is to be activated at
 

what time during the hour will allow the main site to identify individuals.
 

This will also prevent confused receptions due to a congregations of tagged
 

animals since operation times for each would be mutually exclusive. Accuracy
 

of timing over the long term is essential; however, it is well within the
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current state-of-the-art (e.g., electronic digital watches accurate within
 

minutes per year).
 

Electromagnetic Medium
 

Electromagnetic energy, like acoustic energy, is easily generated and fairly
 

simple to sense. Electromagnetic (EM) waves, however, can currently be pro

duced over a much broader spectrum. Frequencies ranging from direct current
 
114
 

(DC) to visible light (5 x 10 Hz) and beyond (x-ray, etc.) are achievable
 

with present technology. Typically EM energy cannot be sensed by the same
 

transducer that is used to radiate that energy. A major exception is radio
 

frequency (RF) radiation. This spans a large part of the spectrum, extending
 

from DC to millimeter waves (around 100 0Hz). Transducers and oscillators
 

change markedly as frequencies exceed 1013 Hz (far infrared).
 

Electromagnetic Properties
 

Propagation of EM energy, unlike acoustic energy, is not dependent on a
 

physical substance. EM waves are capable of propagating across a perfect vacuum.
 

Physical substances do affect the velocities and directions of propagation,
 

however. EM energy can be diffracted, refracted, reflected, attenuated or have
 

its speed of propagation changed by modifying the composition of the material
 

through which it travels. Since EM and acoustic energy are therefore subject
 

to the same perturbations, one would expect to encounter many of the same
 

maladies that plague acoustic systems, in an EM implementation. This is, in
 

fact, the case. For example, multipath propagation with its associated phase
 

and amplitude scrambling effects can be a serious problem in an EM tracking
 

system.
 

Frequency is the greatest factor contributing to the transmission pro

perties of EM radiation through a substance. Of main concern here, is trans

mission through air, water and the air-water interface. Figure 9 shows how
 

electromagnetic waves are attenuated in pure sea water. Note that the attenua

tion is small for very low frequencies and increases rapidly with frequency
 

until a window is reached in the visible light region of the spectrum.
 

In the atmosphere, no appreciable attenuation is encountered until fre

quencies in excess of 10 GHz are encountered. Figure 10 shows that atmospheric
 

water and oxygen excitation at these frequencies results in absorption of energy
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from the electromagnetic wave. Only in the vicinity of 60 GHz does this
 

absorption result in severe attenuation. Beyond several hundred gigahertz,
 

the attenuation due to the atmosphere becomes more eratic. Numerous atmospheric
 

windows occur in the transition from near and far infrared (X = 20P to 0.7 V),
 

through the visible (X = 0.7p to 0.4p), and into the ultraviolet regions of the
 

electromagnetic spectrum. This progression is shown from right to left in Figure
 

11. Beyond ultraviolet, attenuation is high but so is the wave energy. Various
 

rays such as x-ray, gamma-ray and cosmic rays are able to penetrate long dis

tances through the atmosphere without being attenuated.
 

Any EM energy capable of significant transmission through the water will
 

pass in both directions through the air-water interface provided it is beyond
 

the critical angle for reflection. As is the case with acoustic energy, bodies
 

of water tend to act as sinks for electromagnetic energy. This means that EM
 

energy directed down at various angles above the surface of the water is more
 

likely to pass through the interface than energy directed at the same angle
 

plus 1800 (i.e., directed up) from below the surface.
 

The safety of using electromagnetic energy depends on the radiated inten

sity and the frequency involved. Energy increases linearly with frequency
 

(E = hv) and becomes hazardous when it can damage body tissue. Damage from
 

RF radiation usually occurs as a result of internal heating. Sensitive organs
 

such as the eyes are particularly susceptible. A level of 10 mW/cm2 is con

sidered to be the threshold of potentially dangerous RF radiation (this is the
 

U. S. standard, Soviet standards are far stricter with more than I mW/cm
2
 

considered hazardous).
 

When the energy is sufficient to strip electrons from the outer shells of
 

atoms (E z leV), it is considered to be ionizing radiation. This can be very
 

hazardous and difficult to contain. Hard x-rays, gamma rays and cosmic rays
 

have sufficient energy to fall into this class.
 

From the standpoint of safety, ease of handling and transmission/reception
 

qualities, frequencies of electromagnetic radiation falling below 7 x 1014 Hz
 

are the most attractive candidates for use in a manatee tracking system. This
 

range of frequencies spans from visible light to DC.
 

The configurations that an EM tracking system could assume will vary in
 

accordance with the frequency chosen in this range. Basically, all frequencies
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from 0 to 7 x 1014 Hz will propagate through the atmosphere with minor attenua

tion (with the exception of the water vapor-oxygen absorption window near 60 

GHz). As shown earlier, frequencies from 0 to nearly 1 MHz as well as approxi

mately 4 x 1014 to 7 x 1014 Hz (visible light) will propagate through water 

fairly efficiently. It should be noted, however, that the statistics for 

transmission of visible light in sea water assume pure sea water [see Figure 9].
 

In actuality, the proposed Banana River tracking range maintains a heavy con

centration of particulate matter which would easily attenuate energy within
 

the visible spectrum through scattering and absorption. Therefore, use of
 

light energy over links of greater than 100 meters is not recommended in this
 

application. The band from 1 Mz to the visible light region-must be relegated
 

to atmospheric transmission only.
 

Recommendations for an Electromagnetic System
 

Systems relying on passive solar irradiance or artificial illumination
 

of the manatee from the surface are not recommended. The manatee keeps its
 

body totally submerged most of the time. Typically, only its nostrils and
 

occasionally the crest of its back will break surface when breathing or resting.
 

This is considered to be too low a profile for passive optical detection methods,
 

especially in the presence of wave action. Any manatee-borne reflector large
 

enough to make optical detection possible at even a moderate range (1 Km) would
 

provide so much hydrodynamic drag as to guarantee eratic manatee behavior.
 

Analysis shows that any passive or active manatee tracking system (laser, radar,
 

etc.) will have a low probability of success as long as the target is uncoop

erative. As stated earlier, a cooperative target is one that aids the remote
 

interrogating site by actively supplying it with information to be used in the
 

determination of the target's position. This usually involves the transmission
 

of energy from the target position.
 

There are three unobtrusive electromagnetic characteristics of the manatee
 

in his natural habitat that would inherently qualify it as a cooperative target
 

without the addition of any manatee-borne equipment. First, and perhaps the
 

most obvious, is body heat. The infrared radiation emitted from a manatee due
 

to its normal metabolic process could be monitored; however, being an aquatic
 

mammal, most of this energy is absorbed by the surrounding water which acts
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as a heat sink. Often the surface waters of protected shallow bays such as
 

the upper Banana River, will equal or surpass the infrared output of a manatee
 

when irradiated by the sun. Under such conditions, the presence of the mana

tee would be totally obscured.
 

Another characteristic of a manatee's presence is agitation of microscopic
 

sea life. Upon agitation, many of these creatures emit a momentary burst of
 

light. Bioluminiscenece is not an uncommon plaktonic response to agitation
 

and likely occurs in the Banana River. This key to manatee position would
 

only be useful in darkness and even then it is highly doubtful that instru

mentation could detect anything at a distance.
 

The manatee's primary means of locomotion stems from upward and downward
 

thrusts of its tail. During this process, ions of predominantly sodium and
 

chlorine are accelerated along with the water being pushed by the tail. Any
 

time charged particles such as these ions are accelerated, an electromagnetic
 

field is formed. This field will vary in accordance with the ionic acceleration
 

and will radiate at an extremely low frequency (ELF). Referring once again to
 

Figure 9, it is seen that sea water poses very little attenuation to signals
 

in this frequency range. If enough ELF radiation is generated by a swimming
 

manatee, it could be sensed and used to fix its position. No data is available
 

concerning the ELF output of a manatee; however, it is expected to be down in
 

the noise.
 

None of the above unobstrusive electromagnetic characteristics of the
 

manatee are recommended for use in tracking the animal. Each characteristic
 

suffers from three common flaws. First, many other sources also produce the
 

same effects (e.g. a motorboat has infrared output, agitates bioluminescent
 

o-	sea life and accelerates sea water ions). Second, there is no provision for
 

identification of individuals, and third, each is a very weak source of radia

tion. Thus, it can be seen that an electromagnetic approach to manatee
 

tracking must involve active cooperative targets capable of a discernable
 

-coded output that is not mimicked by other naturally occurring or man-made
 

systems. This requirement necessitates the placement of equipment on the manatee.
 

So far, the only viable electromagnetic frequency range that has not been
 

discounted for use within the water is that lying between 0 and about I MHz.
 

Those frequencies that remain uncontested for use in the air range from 0 to
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several gigahertz. The following sections will discuss methods of tracking
 

using these frequencies and what subfrequency bands are expected to produce
 

the best results in the noise and multipath environment particular to the pro

posed Banana River tracking range.
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RF APPLICATION OF SPECIFIC DIRECTION FINDING TECHNIQUES
 

RF direction finding techniques can be broken down into two major classes,
 

direction-of-arrival (DOA) and time-of-arrival (TOA). An example of a DOA
 

sensor is pictured in Figure 12. Commonly termed "bearing triangulation", this
 

techniques employs two or more receivers separated by a known baseline distance.
 

Highly directional rotating antennas are used to "home in" on a signal source
 

of unknown position (i.e., the target) and record the azimuthal bearing of
 

greatest signal amplitude. Electronically scanned array antennas such as the
 

Watson-Watt configuration can be employed instead of mechanically rotated
 

antennas to achieve the same effect. The bearing measured at each receiver
 

site is then compared to the angle of the intersite baseline to calculate the
 

angular offset of the received maximum (assumed direction of the target) from
 

the normal to the baseline. By using geometry, this information is sufficient
 

to calculate the position of the source. This, and other DOA techniques
 

using amplitude or interferometric comparison fall into one of the following
 

categories:
 

o Amplitude monopulse (Watson-Watt)
 
o Phase ponopulse (two element interferometer)
 
o Sum/difference antenna response
 
o Multimode antenna response (Chubb-Honey Antenna, 2 port biconical)
 
o Short and long baseline interferometers
 

In the time-of-arrival systems, angular measurements are based on absolute
 

arrival times, or differences of arrival times of the RF signal at two or more
 

locations. TOA systems usually operate against pulsed sources; however,
 

operation on non-pulsed signals is possible using cross correlation or modu

lated carrier phase comparison methods to measure time difference. Pseudo

noise (PN) codes can be employed as the modulation along with side tone
 

modulation to provide both coarse and fine time difference measures. At the
 

expense of complexity, this approach offers several advantages such as con

siderable reduction in susceptibility to interference, the ability to discri

minate between targets based on the PN coding, reduced transmitter peak power
 

requirements and the capability to use-the basic system for a data link.
 

Time-of-arrival techniques in their most basic form, can be understood
 

by considering Figures 13 and 14. In this example, three receiver sites are
 

located along one boundary of a tracking range (Figure 13). The baseline
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distance between the sites, Li and L2, are known quantities. Unlike the highly
 

directional antennas required by each site of the bearing triangulation system
 

described previously, TOA sites require fixed omnidirectional antennas.
 

The source, being a cooperative target, transmits an R energy pulse. In
 

the far field, the phase front of this pulse can be considered planar. In
 

Figure 14, the time intervals t2 through t8 represent various sequential "looks"
 

at the planar wavefront as it propagates. T2 and t8 can also be thought of as
 
sequential units of time since the transmission of the RF pulse at tO. If
 

each site notes the time unit corresponding to the passage of the wavefront,
 

one might find that site A sensed the wave front passage at t - t5, B sensed
 

it at t = t6 and C sensed it at t = t7 . Referring to Figure 14, it is seen
 

that with knowledge of the wavefront propagation speed, the differences in
 

each site's time unit measurement can be translated into units of path
 

difference, that is, the different in distance that the wavefront had to travel
 

from the source to each of the respective receiver sites. Triangles can then
 

be formed as shown in Figure 14 using the known baselines as their bases. Each
 

triangle vertex represents a possible location of the source based on the path
 

length differences measured by pairs of sites. Three two-site nets are possible
 

in this figure though only two are shown. By connecting the vertices of the
 

respective families of triangles, a total of three lines may be formed (two
 

are shown) all of which are found to intersect at the location of the source.
 

A variation of this scheme involving a modulated carrier is shown in
 

Figures 15 and 16. If the source transmits a modulated RF signal, a simul

taneous sampling of this signal by each receiver site will yield measurements
 

of modulation phase that vary in accordance with the source location and which
 

result from overall signal propagation delays. As shown in Figure 16, these
 

phase differences as measured from site to site can be converted into source

to-site propagation distance differences, given the frequency of modulation
 

and the speed of propagation. As before, three nets are possible in this
 

example. However, only two are shown for clarity in Figure 16. Triangles
 

are again constructed, vertices connected, and in a similar fashion, the source
 

location is identified by the intersection of the hyperbolic lines. On&
 

advantage of sensing modulation phase rather than carrier wavefront lies in the
 

fact that samples can be taken at any time whereas the latter requires memory
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of past events. TOA schemes will require some sort of intersite reference,
 

be it digital timing pulse, a phase reference or a synchronized psuedo-noise 

code. As a result, all multinet TOA configurations will require interre

ceiver communications.
 

Care must be taken to match source pulse rate, modulation frequency or
 

code repetition rate to the TOA direction finding (DF) net size to avoid am

biguities. If, for example, the frequency of the source modulation were too
 

high, numerous 3600 phase reversals could occur in the short time of signal
 

propagation from one site to the next. Of course, the resulting position fix
 

would be ambiguous to the extent of the number of cycles of phase reversal that 

had occurred.
 

Factors Affecting Direction Finding
 

DOA and TOA techniques differ significantly in the manner in which the 

basic angular and range data are derived; however, many basic error sources 

are essentially common to both. Such error sources have a direct and signi

ficant effect on performance (thrnugh required precision and accuracy), system 

complexity and cost. These sources can be labeled either "signal induced 

errors" or "system induced errors". 

Signal induced errors include errors such as those resulting from:
 

o Multipath
 
o Depolarization (electromagnetic only)
 
o Interleaved-pulses
 
o Signal time-frequency dispersion
 
o Nonuniform noise background
 
o Multiple signal effects
 
o Refraction
 

System induced errors include errors such as those resulting from:
 

o Polarization and antenna pattern effects (electromagnetic only)
 
o Radiator beam-forming network unbalance
 
o Thermal noise (signal-to-noise ratio)
 
o Receiver amplitude/phase unbalance
 
o Transducer scattering and coupling
 
o Platform (reradiation effects and misorientation)
 
o Time measurement errors
 
o Timing inaccuracies
 
o Platform/position location inaccuracy
 
o Netting/synchronization factors
 
o Quantization error
 
o Round-off error
 
o Clock rate error
 
o Bit count error
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All of these error sources lend uncertainty to each individual DF site
 

fix. Figure 17 shows how the uncertainty in each measurement results in an
 

area of uncertainty around the actual position of a target. It can be said
 

that the target lies within this region; however, the precise position of the
 

target within the region can only be extrapolated. Such regions usually
 

assume an elliptical shape (in two dimensions) and are referred to as EPE's
 

or elliptical probable errors. For uniformity of comparison, these elliptical
 

uncertainty regions are frequency mapped into circles of equal area and are
 

known as circular error probabilities (CEP). The location of each DF site
 

within a net has a major influence on the size of the EPE. Obviously, the
 

smaller the EPE the better. Typically, nets that surround a tracking region
 

will result in significantly smaller EPE's than a colinear array of sites off
 

to one side of the tracking range. Computer programs have been developed to
 

optimize net configurations so as to minimize EPE uncertainties. Such an
 

error analysis is presented in subsequent sections.
 

Of those errors listed above, multipath propagation is one of the most
 

detrimental. Large reradiators will not only appear as "ghost" targets, but
 

can obliterate actual targets through destructive addition of signals re

sulting in confused amplitude and phase returns. If any receiver site is not
 

in line-of-site (LOS) contact with the target source (e.g., over the horizon)
 

then tall reradiators can reflect normally non-radial energy from the source
 

back to the receiver site on a radial path. This multipath signal may in
 

fact be of greater amplitude than that received directly from the source. Under
 

such circumstances, the DF system is likely to identify the location of the
 

tall reradiator as the position of the target source. It is therefore de

sirable to maintain LOS coverage of an entire tracking range by at least two
 

sites within a net at all times. An analysis of two-site LOS coverage for
 

the proposed Banana River tracking area is presented in subsequent sections.
 

Appendix I also discusses the various factors affecting direction finding
 

systems as they relate to computer modeling of the optimum DF net configuration.
 

RF Operating Frequency
 

Since it has been established that the manatee must be a cooperative tar

get, several factors must be considered when choosing the operating frequency
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of an electromagnetic system to be carried by the manatee. Of prime importance
 

is antenna size, weight and shape. Typically, the larger the antenna or the
 

more elements contained within it, the more efficient the antenna will be as
 

a radiating/receiving transducer. These qualities, however, are incompatible
 

with manatee hydrodynamics. Multielement and dish antennas must therefore be
 

discounted at the onset. In fact, any antenna that can easily snag on vege

tation, provides water resistance, or is unable to penetrate the surface of
 

the water (except ELF antennas which will radiate through the water) must be
 

avoided. Practically, this limits the manatee-borne antenna configuration
 

to that of a whip type for frequencies above ELF. Further, a manatee-borne
 

whip will become nntractable for frequencies below approximately 30 IlHz (HF
 

range) because the length of a 1/4 X stub at 30 l1Hz would be:
 

114 X = 1/4 (C) = 1/4 (3 x 10 m/s)/(30 x 106 Hz) = 2.5 m 

Two and a half meters is beyond the perceived limits of tractability as well,
 

but two additional factors must be included. First, whip antennas can be de

signed with loading coils which make them electrically longer than their
 

actual physical length. Also, a monopole antenna normal to its ground plane
 

(e.g., a whip extending above the water surface) has an electrically reflected
 

image in the ground plane which serves to increase the electrical length of
 

the antenna. Therefore, whips extending no more than approximately one meter
 

above the water surface are adequate to radiate/receive frequencies in the
 

HP, VHF, UHF and regions beyond. Of course, as the frequency increases, 1/4 X
 

decreases as does the necessary antenna length, making the antenna placement
 

less of a problem.
 

ELF antennas, unlike those mentioned above, increase in size, weight and
 

water penetrating efficiency as the frequency approaches DC. It is an absolute
 

necessity that any manatee-borne ELF antenna be physically orders,of magnitude
 

shorter than its usable electrical length. This is evident when 1/4 A is
 

computed for f = 500 Hz, for example. A "whip" antenna at this frequency would
 

be 150 Km long.
 

Frequencies commonly used by U. S. biologists and the Bureau of Sport
 

Fisheries and Wildlife for animal studies, fall in the ranges of 150.85 to
 

151.15 Mz and 164.425 to 164.725 11Hz, respectively. These are not FCC as
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signed (protected) frequencies though certain bands have been specified by 

the FCC for particular purposes. Examples of interest are 30.005-30.01 MHz 

for space research (likely to be available for use in and around the Cape 

Canaveral - Banana River area), 37.75-38.25 MHz for radio astronomy, 138-144 

MHz for radiolocation and 400.05-401.0 MHz for space research. When considering 

operation in the upper HF (30 MHz), VHF (140 MHz - 300 M-z), UHF (300 MHz 

3 GHz) and beyond, care must be taken to choose a frequency band that will not 

interfere with any of the numerous assigned facilities occurring within this
 

range. All VHF television channels as well as the FM broadcast band fall
 

between 30 and 300 MHz. CB radio, police, fire radio service and amateur radio
 

also occupy this band. From 300 MHz to 3 GHz, UHF television channels, police,
 

fire and amateur radio will be encountered. Above 3 GHz, most systems such
 

as radar and communication links become quite directional and are not likely
 

to present the same interference problems as might be expected in the VHF
 

band, for example. At ELF frequencies, interference will be from submarine
 

communications, thunderstorms, commercial power generation, explosions, missile
 

plumes and various other high powered, low frequency sources.
 

Comparison of HF, VHF, UHF 

Table 3 compares HF, VHF and UHF over a range of parameters. This table 

is based in part on empirical near-surface HF/VHF/UHF propagation data gathered 

by EES during field tests at Boca Raton, Florida. For the most part, however, 

the table reflects three years of experience at Cape Canaveral monitoring 30, 

140 and 400 MHz during EES's field operation in conjunction with the "Thunder

storm Research Instrumentation Program". Therefore, the table is quite specific 

about the spectral characteristics of the Kennedy Space Center (KSC) - Banana 

River area.. 

From the table, it can be seen that UHF (and beyond) is plagued by high 

path losses and fading while being most susceptible to meteorological effects 

(rain attenuation, etc.) and multipath reradiation in the KSC area. All of 

these effects are inherent in very high frequency atmospheric operation and 

should be expected; however, the multipath reradiation is particularly acute 

at KSC where so many of the man-made structures have antennas (ideal reradia

tors) mounted on top. In spite of the low noise, low interference UIF environ
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ment at KSC, UHF operation or higher is not recommended for use in the
 

proposed Banana River tracking area due to the other numerous problems
 

outlined above.
 

Use of HF or VHF for manatee tracking does appear viable in the proposed
 

tracking range. Though slightly more susceptible to multipath reradiation than
 

HF, the use of VHF is recommended over HF due to the quietness of the band
 

in the KSC area, reduced antenna length requirement (antenna efficiency) and
 

the presence of FCC designated radio location frequencies.
 

ELF Frequency Considerations
 

The choice of a useful ELF frequency is much more difficult. For best
 

water transmission qualities as low a frequency as possible should be employed.
 

This, however, severely limits the data rate of any encoding or frequency
 

modulation. Transmitter and antenna efficiency also decrease with frequency.
 

For a battery operated manatee-borne system, it is imperative that high ef

ficiency of power consumption be maintained at all times in order to obtain
 

a reasonable system lifetime. This favors use of higher frequencies, perhaps
 

in the VLF, LF or MF range (e.g., as high as 3 MHz). Insufficient data exists
 

in the literature for submerged antenna efficiency at frequencies below MF.
 

It is recommended that a brief measurement program be initiated to tabulate
 

radiated power efficiency vs. frequency from ELF to MF before embarking on a
 

low frequency implementation of the tracking system. If an optimum low fre

quency can be identified, further experiments are recommended to find an an

tenna configuration that is adaptible to a manatee without loss of efficiency.
 

Following the designs of Mackay [18], it has been suggested that a loop an

tenna be used with 10 to 20 turns around the smallest diameter of the manatee's
 

body, just forward of the tail.
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MANATEE-BORNE ELECTRONICS PLACEMENT
 

Manatees are difficult creatures upon which to place telemetry. The ideal
 

location for a strap-on instrument package would be just behind the front
 

flippers. Since the manatee is very articulate with these appendages when
 

feeding and manuevering, it is felt that anything placed over or around the
 

flipper would be a constant source of annoyance to the animal. A strap around
 

the narrow stock of the tail is the next best choice since the spatulate tail
 

flair would restrict forward slippage. Strap-on equipment at any other body
 

location is highly likely to migrate fore or aft, ultimately falling off the
 

animal. Any equipment strapped to the tail stock should be located dorsally,
 

as ventral placement will expose the equipment to excess abuse as the manatee
 

skims along the bottom during grazing. It should be noted that manatees are
 

"habitual scratchers" because much of their time is spend rubbing against sub

merged objects with the result that any ectophoretic equipment (regardless of
 

location) is likely to be periodically abraded.
 

Hartman [1] describes his attempts to tag manatees with a miniature
 

acoustic pinger embedded in a buoyant material and tied around one of the
 

manatee's flippers with a two meter long string. Five trials were made all
 

ending in failure.
 

Within half an hour into each trial, all of the animals reacted
 
to the sensation of the string an tried to unleash themselves
 
by rubbing the noose against logs and poles or by scratching
 
at the string with the free flipper. In her third trial, one
 
manatee tangled the string around her trunk, grew agitated and
 
swam to the base of an iron signpost where she rubbed franti
cally until I was obliged to free her. In every instance,
 
routine behavior was so disrupted that further experiments with
 
the buoy were discontinued.
 

In a final effort to tag an animal, the transmitter was sheathed
 
in a latex "armband" which was slipped over the distal 'nd of
 
the flipper and secured in its axil. The manatee rubbed at the
 
sheath with its free flipper and managed to roll it down and off
 
within an hour.
 

Other experiments involving balloons and floats were also unsuccessful.
 

There are methods currently in existence which would undoubtedly meet with
 

success such as those used to tag other marine mammals (e.g. the walrus and
 

sea lions). These methods employ grappling barbes which catch in the thick
 

83
 



hide like miniature fish hooks. Surgical implantation is also extremely pro

mising because the entire instrument package could be placed under or within
 

the dermal layer. This would lessen the chance of infection that might be en

countered with foreign objects (e.g. grappling barbes) protruding through the
 

surface of the dermis. These methods all have merit; however, little re

search of this kind has been attempted on the manatee principly because it is
 

so difficult to obtain the necessary federal and state authorization for ex

perimentation that is potentially hazardous to the health of an endangered
 

species. This problem is currently under study by the biologists at the Gaines-


Ville (Florida) Field Station. NFWL-FWS, who have been able to suture a metal
 

plate at the rear of the cranium. Various suture materials were employed with
 

stainless steel being the most promising. No infection has been observed (even
 

under fresh water conditions) and at the time of this writing, the plate has
 

remained in place for a period of months. At this point, the folloiwng ob

servations can be made:
 

(a) 	Implantable electronics (the most desirable from a systems stand
point are out of the question for political reasons that could arise
 
due to the death of a tagged manatee--even it death were determined
 
to be unrelated to the tagging.
 

(b) 	Epidermal grappling devices (such as are in use on sea lions) must
 
be rejected for the same reasons as stated above as well as the
 
increased chance of infection.
 

(c) 	Adhesives (such as the cyanoacrylates or "super glues") would
 
apparently be ineffective due to the high rate of dermal sloughing
 
of the manatee.
 

(d) 	Ectophoretic attachments such as harnesses seem to be the most ac
aceptable methods.
 

(e) 	Thin sutures show promise, however, final results of experimentation
 
in this area are not yet available.
 

Certain questions related to harnessing need to be addressed in further detail.
 

It is recommended that a brief experimental program be initiated to investigate
 

the following areas:
 

o Life-time of harness material in a marine environment.
 

o Harness material that allows skin to breath, slough, etc. yet prevents
 
organisms or detritus from becoming lodged at the dermal-harness in
terface.
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o Points of the manatee which can be used to hold a harness in place.
 

o Possible behavior modification or motor restriction due to harness.
 

It is also important to consider the impact of the manatee-borne electronics
 

as it approaches the end of its useful life. The system should be retrieved
 

while the tagged individual is still able to be tracked. This would allow reuse
 

of the system and prevent the manatee from having to carry around functionless
 

equipment for the rest of its life. Duration of tracking operations could
 

purposely end one month prior to the estimated battery failure date. This
 

would allow biologists 30 days to locate and remove the tag with the aid of the
 

tracking system. This is not a complete answer, however. Premature tag fail

ures or migration of a tagged individual from the tracking range would likely
 

result in the individual being tagged for life unless a time-release mechanism
 

(perhaps nothing more than a seawater corrodible link) is employed to automati

cally jettison the electronics after some period of time exceeding the expected
 

battery life of the tag. In fact, internal battery impedance could be elec

tronically monitored and result in tag jettison upon battery discharge. If
 

the system is surgically implanted into the manatee, it must be either benign
 

after battery failure or must be'removed surgically. No recommendation for
 

system jettison or retrieval should be made until a choice of placement tech

niques is specified and tested.
 

An additional restriction is imposed when considering the use of an HF
 

or VHF antenna. To operate reliably, the entire radiating length of the an

tenna must extend above the surface of the water. Since the manatee is totally
 

aquatic, this is only assured during periods of inhalation when the animal is
 

guaranteed to be at the surface. Manatees also spend time at the surface when
 

resting or traveling but the frequency of these activities, unlike breathing,
 

is irregular. Manatees typically spend from approximately 2-1/2 to 4 seconds
 

(depending on age and state of activity) at the surface during a breathing in

terval (note that a TOA DF system can acquire a signal and fix position in
 

well under one second). Typically, manatees will return to the surface to
 

breathe every 1 to 2 minutes when cruising or as infrequently as once every
 

10 minutes when resting [1]. This implies that an antenna must be deployed
 

reliably at every opportunity since opportunities will be relatively infrequent.
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Figure 18 shows an actual manatee breathing sequence. Note that an antenna
 

could be positioned anywhere from the tip of the nostrils to the mid-dorsal
 

section. Placing anything forward of the eyes or in the field of view is not
 

recommended. However, Figure 19 shows that manatees often approach the sur

face at nearly a 300 angle when breathing. This behavior limits reliable an

tenna deployment to the region above and just behind the cranium.
 

Use of an acoustic or ELF system has its greatest advantage in being able
 

to be placed anywhere on the manatee. As stated previously, tail stock place

ment would be advisable from a harnessing standpoint. Acoustic transmissions
 

are likely to be blocked by the animals' body in certain orientations if
 

transducers are placed too near the body surface. This will result in an un

desirable directionality of the signal.
 

Again, insufficient information is available concerning placement of objects
 

on manatees. The sutured headplate under test will yield some answers to the
 

viability of head-mount whip antennas. It is recommended that a brief experi

mental program be initiated to investigate the placement of a simulated whip
 

antenna on a substrate attached just behind the head of a manatee in a fashion
 

similar to that used with the sutured plate. This simulated antenna and small
 

associated electronics module would monitor the frequency of successful antenna
 

deployment above the water (a salt water switch might be employed as a sensor
 

on the antenna). Various parameters such as antenna angle, position and length
 

could be varied to empirically determine the optimum position. Also, the
 

manatee's response to the antenna (if any) would be evident.
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Typical Breathing Postures
 
Figure 19
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ENCAPSULATION OF MANATEE-BORNE ELECTRONICS
 

There are three basic methods of embedding electrical circuits: molding,
 

casting and dipping. Holding involves the use of a container, usually metal,
 

to house the electronic assembly. The container is slowly filled with the
 

potting material and then cured. The thermal coefficient of expansion of the
 

container, electronics and the embedment medium must match or the medium will
 

separate from the walls of the container and/or circuit resulting in poor
 

thermal contact. This can lead to possible overheating of the circuit. A

nother problem which may arise is electrical shorts to the container. A
 

sheet of insulating material is often needed between the electronic assembly
 

and the container.
 

Casting involves the use of a mold. The electrical circuitry is placed
 

inside the mold and the embedding material is slowly poured in. After this
 

material hardens, the mold is removed. If a large number of circuits are to
 

be embedded, casting can be less expensive than molding. Molds for casting
 

typically cost more than several containers for molding.
 

The third method of embedment is dipping. The electronic assembly is
 

simply dipped into the encapsulating material, pulled out and cured. It has
 

the advantage of being less expensive than either casting or molding. The
 

curing time is usually reduced as well since the encapsulating layer is fre

quently quite thin. However, this method provides little protection from
 

mechanical shock and abrasion. Also, voids in the circuit being dipped often
 

make total coverage difficult.
 

Cyanoacrylates exhibit the shortest curing times; typically less than
 

one second at room temperature. This is an excellent characteristic if curing
 

time is a prime concern; however, it makes the handling of the cyanoacrylates
 

extremely difficult. Since the surface layer cures so rapidly, only a thin
 

coat, such as that achieved by dipping, can be used.
 

Cyanoacrylates will form a strong bond with a wide variety of materials.
 

However, its thermal expansion coefficient must be compared to that of the
 

material which is to be encapsulated. This is important when encapsulating
 

electronics since mismatching may occur when the circuit is brought up to
 

operating temperature during use. Mismatching will result in strains which
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can cause leaks in the cyanoacrylate coating or even damage the circuit com

ponents. The cyanoacrylates have good resistance to mechanical shock and
 

abrasion but poor resistance to moisture. None of the compounds are flexible.
 

They are useful in the temperature range of OC to 1000 C. Cyanoacrylates
 

currently cost about $60 per kilogram.
 

A second group of potting materials, the polyesters, cure at room tempera

ture within a few hours depending on the depth of the layer. During curing,
 

they exhibit very little exothermic reaction but have high shrinkage which
 

might damage very delicate electrical components. Since the polyesters will
 

expand and compress somewhat, matching of thermal expansion coefficients need
 

only be considered if circuit components are highly fragile. Polyesters are
 

flexible and have good resistance to both mechanical shock and abrasion; how

ever, they have only fair humidity resistance and very poor moisture re

sistance when immersed. The cost is around $8.00 per kilogram.
 

The silicones form one of the most useful groups of embedding materials.
 

A variety of silicone potting compounds are available from a number of com

mercial sources. The silicones fall into three-categories:
 

1. RTV (room temperature vulcanized) silicone resins. As the name in

dicates, they cure at room temperature. However, many of the RTV compounds can
 

be placed at moderately elevated temperatures (up to 60'C) to decrease curing
 

time. Curing time varies from half an hour to 48 hours depending on curing
 

temperatures, the depth of the layer, and the particular compound used. RTV
 

compounds cure in either thin or deep layers and exhibit very little shrinkage,
 

internal stress, or exothermic reaction during curing. Thermal expansion of
 

the encapsulated circuit is not a problem with RTV silicones since they will
 

stretch or compress. They respond well to mechnical shock and exhibit fair to
 

good abrasion resistance depending on the particular compound. RTV silicones
 

display good resistance to atmospheric moisture but performance is degraded
 

with extended immersion. Once cured, RTV silicones can be used anywhere from
 

-65oC to 260'C. These compounds are the easiest of all of the encapsulating
 

materials to work with. A high quality RTV silicone costs around $10.00 per 

kilogram. 

2. Silicone gels. They are very tough and are able to withstand con
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siderable shear force and heal themselves when punctured. They lack some of
 

the flexibility and compressibility of the RTV silicone compounds but other
 

characteristics are comparable.
 

3. Rigid, solventless silicones. These are used infrequently because
 

they require high temperatures for curing and crack easily under thermal and
 

mechanical shock.
 

Polyurethanes have many properties similar to those of silicones. 
They
 

cure at room temperature or in a moderate (to 600C) oven with curing times
 

depending on temperature, the thickness of the layer and the particular com

pound used. t4hile all polyurethanes will cure in thick layers, some compounds
 

will not cure properly in thin layers. During curing, polyurethanes tend to
 

shrink somewhat. However, the resulting stresses are insufficient to effect
 

most electronic circuits. Very little exothermal heat is generated during
 

curing. The adherence of polyurethanes is fair to good, depending on the
 

particular compound and the material to which it is bonded. 
Thermal expansion
 

of polyurethane encapsulated electronics typically does not cause adherence
 

problems since polyurethanes will stretch and compress with circuit components.
 

Polyurethanes have good mechanical shock resistanze and their abrasion resis

tance is very good (even better than that of some epoxy compounds). They have
 

good resistance to atmospheric moisture but vary widely in moisture resistance
 

upon extended immersion (though most do poorly in this regard, certain com

pounds are able to outperform any of the silicones). The flexibility and com

pressibility of polyurethanes are comparable to those of silicones. Though
 

polyurethanes will not perform at the elevated temperatures tolerated by
 

silicones, they can be used from -600C to 180'C. Most polyurethanes contain
 

toluene and proper precautions must be taken during handling. The average
 

cost is about $11.00 per kilogram.
 

Epoxy-based materials are the most widely varied group of encapsulants.
 

They are available as one component and two component types. Curing tempera

tures range from room temperature to 1300C with curing times ranging anywhere
 

from two hours to two weeks. Most epoxies will cure in either thin or thick
 

layers and exhibit very high exothermal reaction temperatures in the process.
 

Epoxies also shrink during curing, therefore fragile components should first
 

be coated with a compressible material such as silicone or polyurethane to
 

prevent breakage. Coefficients of thermal expansion must be carefully matched
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between epoxy and the circuit assembly to prevent leaks or broken components
 

if this potting agent is to be in direct contact.
 

Epoxies form strong bonds to most materials and are particularly effective
 

in sealing around terminals. Resistance to mechanical shock and abrasion
 

range from good to very good depending on the particular compounds.
 

Epoxies are highly resistant to both water vapor and liquid water. In
 

fact, one particular group of resins are supposedly inpenetrable to water
 

molecules [41]. However, the cost is high - $50.00 per kilogram as compared
 

with $10.00 per kilogram for a more typical epoxy. When the cost of epoxy
 

is conpared to'that of silicone or polyurethane, several additional factors
 

must be evaluated. Epoxies are very dense in comparison to silicones and
 

polyurethanes. This means that one kilogram of epoxy will not encapsulate as
 

many circuits as one kilogram of either the silicones or polyurethanes. Also,
 

the cost of using two component epoxies is driven up by the necessity for
 

precise mixing and dispensing equipment.
 

Fillers such as sand or silica can be added to epoxies. The advantages
 

are lower cost, increased thermal conductivity, and reduced exothermal reaction
 

temperature and shrinkage during curing. Fillers can also make the normally'
 

rigid epoxies somewhat flexible. There are disadvantages to fillers, however;
 

mechanical shock resistance and machinability are reduced while the adherence
 

and electrical properties may be affected.
 

Flexibilizers are also available for epoxies. They lessen the basic hard

ness of epoxies, reduce strains during curing and improve adherence, low
 

temperature performance and crack resistance during temperature cycling. Off

setting these mechanical advantages however are losses in some of the desired
 

electrical properties. As the rubber like qualities increase, dielectric
 

loss factor and dielectric constant increase while resistivity decreases. More

over, the material loses strength and softens at elevated temperatures, Be

cause of the negative effects of the flexibilizers, most manufacturers re

commend that designers use the most rigid epoxy resin that will provide the
 

needed mechanical properties when cured.
 

In general, all of the encapsulants mentioned (with the exception of
 

several epoxies) are impervious to the corrosive effects of salt water.
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Table 4 is a summary of the major characteristics of the silicones, epoxies
 

and polyurethanes.
 

Recommended Encapsulation Technique
 

Three basic factors enter into the choice of encapsulants and methods of 

application when considering the manatee-borne electronics. First, the cir

cuitry will be immersed for very long periods of time. This means that the 

encapsulant must exhibit excellent water tight integrity. In addition, some 

sort of transducer terminals must pass from the circuitry through the encap

sulant, to the transducer. Therefore, the encapsulant must exhibit strong
 

bonding tendencies to prvent moisture from seeping along the interface.
 

Though anticipated hydrostatic pressures are not expected to exceed more
 
2
 

than 0.5 Kg cm , the encapsulant must he very strong to withstand the high im

pacts and regular abrasion to be encountered on the manatee. The delicate
 

electronic circuitry must be "shock mounted" within the encapsulating material
 

to prevent transmission of surface impact shock to the interior.
 

The shape of the encapsulated circuitry will be hydrodynamically uniform
 

to reduce drag and the likelihood of vegetative fouling. Therefore, casting
 

techniques can be used without much difficulty. Casting will allow for thicker
 

walled encapsulations than dipping, thereby affording greater strength.
 

Based on these requirement, it is recommended that the circuitry of the
 

manatee-borne electronics be dipped in a silicone bath, cured and then cast in
 

a high grade pure epoxy. The epoxy will afford the strength, water resistance
 

and feed through bonding required while the silicone will provide protection
 

from harmful curing effects of the epoxy as well as providing additional shock
 

resistance.
 

It will be cost effective to include the batteries within the potted en

closure (taking necessary precautions for battery expansion, gassing and the
 

effects of salting on the encapsulant) to minimize feed through connections. A
 

magnetic reedswitch can be used to deactivate the circuitry (and conserve bat

tery life) once encapsulated. This means that the manatee-borne electronics
 

would be considered expendable and disposable (see discussion of system re

lease/retrieval). In the event that the batteries required replacement, removal
 

and replacement could be achieved by cutting away one end of the battery section,
 

replacing the batteries and recasting the cut away end.
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TABLE 4. COMPARISON OF ENCAPSULATING COMPOUNDS
 

TYPE SILICONES 


CURING TEMP., 0C 25 60 

CURING TIME 1/2 - 48 HRS. 

CURING SHRINK _L 

CHARACTER, Exo. HEAT VL 

DURABILITY G 

FLEXIBILITY FLEX 

COMPRESSIBILITY YES 


ADHERENCE F-G 


THERMAL EXPANSION N/A 


MOISTURE ATMOS, G 

RESISTANCE IMMER, F 


ABRASION F-G 


RESISTANCE
 

MECHANICAL SHOCK 6 


RESISTANCE
 

USEFUL TEMP. -65 - 260 
RANGE, 'C 

EASE OF HANDLING VERY EASY 

COST PER KILOGRAM $10,00 

VL--VERY LOW M--MEDIUM H--HIGH P--POOR 


EPOXIES POLYURETHANES 

25 - 130 25 60 

2 HRS.-

M 

H 

14 DAYS 1/2 

M 

H 

- 72 HRS. 

VG E 

RIGID TO SEMI-FLEX FLEX TO SEMI-FLEX 

NO !YES 

G-E F-G 

MATCHED IN/A 

G G 
G P-G 

G-VG G-E 

F-VG G-E
 

-20 - 300+ -60 - 180 

CAREFUL MIXING REQ'D CAUTION W/ ORGANIC SOLVENTS
 

$10,00-$50,00 $11.00
 

F--FAIR G--GOOD VG--VERY GOOD E--EXCELLENT
 



ENERGY SOURCES
 

The energy requirement for a manatee tracking system can be divided into
 

two major categories, the receiver site energy source and the manatee-borne
 

energy source, the general characteristics of which are given below:
 

Receiver Site (Fixed Station): 


Receiver Site (Mobile Station): 


110 VAC Operation with Battery/
 
inverter backup
 

Continuous Operation
 

Multiple DC Output Voltage Taps
 

Regulated, Over-voltage Protect, Over-

Current Foldback
 

Deliverable Power 500 W
 

110 VAC Operation - BatterylInverter
 

Intermittant Operation
 

Multiple Output Voltage Taps
 

Regulated, Over-voltage Protect, Over-


Current Foldback
 

Deliverable Power 500 W
 

Note that the receiver site requirements listed above are solely for the opera

tion of system electronics. Enclosure lighting, air conditioning, etc. for
 

,each site (if desired at all) will not be included as part of the tracking
 

system analysis.
 

Manatee-Borne Electronics: 


The selection of 110 VAC as 


Low Voltage DC
 

Compact
 

Lightweight
 

Intermittant Operation
 

Deliverable Power Approximately 3
 
Watts (Peak)
 

Nontoxic
 

long Life Remote Operation
 

the operating voltage at the receiver sites
 

is prompted by the availability of commercial equipment which requires this
 

input voltage. Much of the equipment necessary to the operation of each re

ceiver site is available off-the-shelf and will typically provide for its own
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internal voltage, current and regulation requirements. Obviously, the most
 

accessible source of 110 VAC is directly from the local power company's faci

lities and therefore, it will be economically advantageous to locate receiver
 

sites near such commercial power distribution points. For reasons of un

availability, power system backup, or mobile use, the regular 110 VAC operation
 

must be assisted or supplanted by auxillary means of power generation. This
 

auxillary (or primary, in the case of mobile operation) power supply can be
 

implemented in a number of forms of which several are listed below:
 

o Battery (any chemical source)
 

o Solar Cells
 

o Mechanical Generator
 

o Nuclear
 

o Fuel Cells
 

Note that identifying the best primary source of electrical energy is of central
 

importance here as the transformation of that energy into the proper state 

(voltage, current, frequency, etc.) presents no particular design problem.
 

This list of primary sources is also applicable (though not all are viable)
 

to the manatee-borne electronics.
 

Many energy sources with obvious shortcomings have been omitted from this
 

analysis (e.g. geothermal, peizoelectric, etc.). Fuel cells and nuclear gene

rators will also be discounted due to their complexity, cost and potential risk.
 

In this regard, batteries, solar cells and mechanical generators in either
 

stand-alone or synergistic combinations come far closer to fulfilling the re

quirement of a manatee tracking system power source than do any others.
 

Battery Considerations
 

Since it is desirable that the manatee-borne electronics operate for as
 

long as possible (6 months to 1 year), a high service capacity battery would
 

be needed. However, the size of the electronics package must be kept to a
 

minimum thus requiring batteries with a high volumetric energy density per
 

cell. The weight of the electronics package must be buoyancy compensated (a
 

requirement usually resulting in greater volume) , hence for this application a
 

higher gravimetric energy density per cell would also serve to minimize the
 

package size.
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From an electrical standpoint, a flat voltage discharge curve is a parti

cularly important battery characteristic because a gradual decrease in voltage
 

could result in a gradual shift of the modulation or carrier frequency of trans

mission. Since battery operation is the direct reslt of a chemical reaction,
 

it is not surprising to learn that discharge efficiency is closely related to
 

temperature . Normally, manatees do not encounter water temperatures below
 

about 50C with a typical low being around 100C. For certain battery types,
 

this is a region of high inefficiency, hence temperature efficiency ratings
 

must be considered.
 

Other considerations concern leakage and the amount of gas produced as a
 

result of electrical discharge. Leakage of corrosives can harm circuitry,
 

reduce the integrity of encapsulating materials or irritate the subject manatee
 

while excess gassing can cause water-tight battery containers to explode.
 

Battery Analysis
 

Since hundreds of batteries are commercially available, their analysis is,
 

simplified by grouping them according to their electrochemical systems, then
 

examining the general characteristics of each group.
 

The most commonly used battery is the carbon-zinc type. Because of its
 

commonality, it is available in many styles varying in shape, size, voltage
 

and terminal arrangements.
 

Carbon Zinc
 

A carbon zinc cell has a nominal voltage of 1.5 V. At a cost of $0.57,
 

the best "D" size battery has a service capacity of 6A-H operating with a
 

200 mA constant drain. It maintains 80% of that capacity at 100C. As Table
 

5 indicates, the working voltage of a carbon zinc cell falls off gradually
 

as the battery is discharged. Its gravimetric and volumetric energy densities
 

are 44.44 W-hrs per Kg and 0.14 W-hrs per cu. cm, respectively.
 

Encapsulating a carbon zinc cell should be avoided since its venting
 

mechanism would be hindered. Total blockage of the vent could result in
 

sufficient hydrogen gas build-up to cause explosion of the battery.
 

A zinc chloride version of the carbon zinc battery is available. Though
 

it lacks the wide variety of shapes and sizes available in the standard carbon
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TABLE 5. DRY CELL CHARACTERISTICS
 

CARBON-ZINC ALKALINE-

USUAL NAME CARBON-ZINC (ZINC CHLORIDE) MANGANESE DIOXIDE MERCURIC OXIDE SILVER OXIDE 
 NICKEL-CADMIUM LITHIUM
 

VOLTAGE PER CELL 1.5 1,5 1.5 1,35 1.5 1.2 2.95 

TYPE PRIMARY PRIMARY PRIMARY t SECON- PRIMARY PRIMARY SECONDARY PRIMARY 
DARY 

YPICAL SRVICE 6 6 PRIMARY - 10 19 0.2 4 10 
200;A I SECONDARY - 2.5
 

NAR9Y DENSITY 44.44 88.89 PRIMARY - 88,89 111111 111.11 31,1 333.33
 
-lRKG, SECONDARY - 22.22
 

SN!ARRYDENSITY 0.141 0.18 PRIMARY - 0.15 0.37 0,49 0.08 0.55
-R/LU. CM SECONDARY - 0,07 

OPERATIG TEMP. -6.7154.4 -17.8171.1 -28.9/54.4 0/54.4 0/54.4 -20/45 -40/70 

EMPERATURE HI N M G 6 N VP VG 
E RMANCE
 
RI SER-


VICE CAPACITY Lowi P F M P P P VG 

DISCHARGE CURVE % .. A _ 

LEAKAGE 
 MEDIUM Low RARE SOME SALTING SOME SALTING NONE NONE
 

GASSING MEDIUM HIGHER THAN Low 
 VERY Low VERY Low Low NONE
 

CARBON-ZINC
 

LIaILITY a 99% 99% 99% 99% 99% 99% 99% 
YRS 

SHOCK RESISTANCE F -G G F - G G G G 

INITIAL COST $,57 $,62 PRIMARY $.65 $4.87 $1.20 $6.98 $8.50 
3-CELL SEC.
 

$6.12
 

FEATURES Low COST, SERVICE CAPACITY HIGH EFFICIENCY HIGH SERVICE 1ODERATELY FLAT VOLTAGE 
 FLAT VOLT-

VARIETY OF AT MODERATE TO UNDER MODERATE CAPACITY TO FLAT VOLTAGE 
 ISCHARGE LURVE, DISCHARGE
 
SHAPES & HIGH DRAINS & HIGH CONTINUOUS VOLUME RATIO, DISCHARGE CURVE aODDHIGH 9 LOA CURVE, VERYSIZES BETTER THAN CAR- DRAIN. EOOD LCW FLAT VOLTAGE HIGH SERVICE TEMP. PERFORMANCE GOOD HIGH 

DON-ZINC. GOOD TEMP. PERFOR- DISCHARGE CURVE, CAPACITY TO HIGH RESISTAN(CE & LOW TEMP.LEAKAGE RESIS- MANCE, LOW IM-
 GOOD HIGH TEMP. VOLUME RATIO TO SHOCK & VI- PERFORMANCE,
TANCEj LOW TEMP. PEDANCE PERFORMANCE BRATION, CAN BE N GASSING
PERFORMANCE 
 STORED IN ANY PROBLEM,

BETTER THAN 
 CHARGE STATE VERY HIGH

CARBON-ZINC 
 ENERGY DEN-


SITY TO
 
WEIGHT RATIO 

LIMITATIONS EFFICIENCY 
 PRIMARY TYPE EX- POOR LOW TEMP. AVAILABLE ONLY HIGH INITIAL COST
 
DECREASES SENSIVE FOR LOW PERFORMANCE IN SMALL SIZES ONLY FAIR CHARGE.
 
AT HIGH 
 DRAINS, LIMITED LOW CAPACITIES RETENTION
 
CURRENT CYCLE ON SECON-

DRAINS; POOR DARY, SECONDARY
 
LOW TEMP. OTfAVA LABLE IN
 
PERFORMANCE U SI7E 

VP--VERY POOR P--POOR F--FAIR N--MEDIU G--GooD VG--VERY GOOD 
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zinc cell, it has other advantages. For example, under normal operating con

ditions, the zinc chloride cell has the same nominal voltage and service capa

city as the standard cell. However, at an operating temperature of 100C, it
 

maintains 90% of its service capacity (a 10% increase over an ordinary carbon
 

zinc cell). Its gravimetric energy density (88.89 W-hrs per Kg) is twice that
 

of the standard carbon zinc cell and its volumetric energy density (0.18 W-hrs/
 

cu. cm) is 23% higher. It has the same sloping voltage discharge curve as
 

the standard cell though production of hydrogen gas is greater. Nominal cost
 

is $0.62 per battery.
 

Alkaline-Manganese Dioxide
 

Alkaline-manganese dioxide batteries are available in both primary and
 

secondary cells. Both types have a nominal voltage of 1.5 V characterized by
 

a sloping discharge curve (see Table 5). For the secondary cell, the slope of
 

the discharge curve varies directly with the number of charge/discharge cycles.
 

The service capacities of "D" size primary and secondary cells are 10 A-H and
 

2.5 A-H, respectively, based on a constant drain of 200 mA. The service capa

city of the secondary cell decreases with an increasing number of charge/dis

charge cycles. Both have approximately 85% of their rated capacities at 100 C. 

In comparison to the secondary cell, the primary cell has both a higher gravi

metric energy density (88.89 vs. 22.22 W-hrs/Kg) and a higher volumetric
 

energy density (2.15 vs 0.07 W-hrs/cu. cm). The cost is also much higher for
 

the secondary cell, $6.12 compared with $0.65 for the primary. In both types
 

of alkaline-manganese dioxide cells, gassing is lower than it is in a carbon
 

zinc cell. However, complete potting should be avoided for the same reasons
 

presented for carbon zinc.
 

The chief advantage of the alkaline manganese battery lies in its high
 

efficiency under continuous or heavy duty, high drain conditions Vhere the
 

standard carbon zinc cell is unsatisfactory. At light drains, however, or
 

under intermittant duty conditions, the alkaline-manganese cells have little
 

advantage over the standard carbon zinc cell.
 

Mercuric Oxide
 

The mercuric oxide battery is a primary cell with a nominal voltage of
 

1.35 V. The "D" size cell costs around $4.87 and has a service capacity of
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19 A-H under a 200 mA constant drain. This service capacity is lessened by
 

pulsed use. Below room temperature, it is very inefficient maintaining only
 

15% of its rated capacity at 100 C. During discharge, voltage declines about
 

14% initially and then remains constant until the end of the cell's useful
 

life (see Table 5). Mercury cells have high gravimetric and volumetric energy
 

densities (111.11 W-hr per Kg and 0.37 W-hr per cu. cm, respectively).
 

Mercury cells must be permitted to vent to the atmosphere to allow the

escape of hydrogen gases. This is particularly true in case of operating
 

abnormalities such as reverse currents or short circuits which produce ex

cessive gas. Though the rate of hydrogen gas production in mercuric oxide
 

cells is lower than in either carbon zinc or alkaline-manganese dioxide cells,
 

complete potting is still not recommended. There are also some salting effects
 

with mercury batteries.
 

Silver Oxide
 

The silver oxide cell has a nominal voltage of 1.5 V with a maximum service
 

capacity of 200 mA-H. Eighty percent of this capacity is available at 100C.
 

A silver oxide battery maintains a stable voltage level until the end of the
 

cell's useful life when the voltage drops sharply. Gassing is very low in
 

silver oxide cells, but there are some salting effects.
 

Silver oxide batteries have best efficiency at very low, intermittent
 

usage. A major drawback of silver oxide cells stems from the fact that they
 

are only commercially available in very samll sizes and with low capacities.
 

The largest capacity cell costs approximately $1.20.
 

Nickel Cadmium
 

The nickel-cadmium cell is a hermetically sealed secondary cell with a
 

nominal voltage of 1.2 V. It has gravimetric and volumetric energy densities
 

of 31.11 W-hrs. per Kg and 0.08 W-hrs per cu. cm, respectively. A "D" size
 

cell costing about $6.98 has a service capacity of 4 A-H with a 200 mA con

tinuous drain and maintains 95% of that capacity at 100C. Nickel cadmium
 

cells have a relatively flat discharge characteristic which remains flat
 

through multiple charge/discharge cycles. However, the service capacity de

creases with each cell recharge.
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A nickel cadmium cell emits very little gas; however, it does undergo ex

pansion and contraction due to normal internal pressures. Because of this,
 

it should not be entirely potted in a material which would restrict its ex

pansion.
 

Lithium
 

Lithium cells are primary cells with a nominal voltage of 2.95 V - twice
 

that of the other cells examined. The gravimetric energy density of lithium
 

cells is three times that of mercuric oxide and the volumetric energy density
 

is nearly 50% greater. At a nominal cost of $8.50, the service capacity of
 

the best "D" size lithium cell is 10 A-H rated at a 200 mA constant current
 

drain while maintaining essentially 100% of that capacity at 100 C. The cell
 

operates most efficiently in a pulsed current mode. As indicated in Table 5,
 

the operating voltage of a lithium battery remains stable until the end of the
 

useful life of the cell at which time it drops abruptly.
 

Since the electrolyte in a lithium cell is non-aqueous, no hydrogen gas
 

evolves during discharge. However, misuse (i.e., short circuit and reverse
 

currents) or any continuous high current drain can result in internal heat
 

that causes a pressure build up which must be released through a vent. If
 

the batteries are to be encapsulated, protective devices should be included
 

to handle short circuits or reverse currents and care must be taken to see that
 

the batteries are under only moderate or intermittent current drains.
 

Seawater Batteries
 

Seawater batteries have some unusual characteristics. They are essentially
 

dry charge primary cells which are activated by seawater. The electrodes con

sist of magnesium for the anode and either silver or copper chloride for the
 

cathode. Seawater batteries cannot be recharged since the electrodes are
 

consumed during the electrochemical process. The nominal v6ltage is 1.6 V
 

and the gravimetric energy density is approximately 66.67 W-hrs. per Kg. The
 

voltage rises somewhat during operation until it reaches a maximum occuring
 

near the middle of its useful life and then gradually declines. Seawater
 

batteries are activated immediately upon immersion in salt water and are de

energized upon removal. However, degradation of the electrodes continues at
 

a reduced rate that is sufficiently high to destroy the battery at a rate
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equal to about 1% of design life in 24 hours for a 6 V battery and 5% in
 

24 hours for a 24 V battery (degradation is approximately linear with design
 

voleage and equal to about 1.5% in 24 hours per 6 V of battery potential) [16].
 

Seawater batteries are generally available in service capacities up to
 

60 A-H with a variety of voltages. These batteries are normally designed to
 

last for five hours but they may be designed to last as long as 75 hours with
 

light current drains which adds to the already high cost ($0.60-1.25/A-H at
 

1.5 V) [16]. 

Seawater batteries seem attractive for use with the manatee-borne elec

tronics because the battery becomes less of a weight burden as the electrodes
 

are consumed and the manatees are in a saline (electrolyte) environment while
 

in the Banana River tracking range. The following negative points are more
 

than sufficient to eliminate the seawater battery from further consideration:
 

o Unstable Output Voltage
 

o Short Lifetime
 

" Offensive Reaction Products Will Likely Affect Manatee Behavior
 

o Expense
 

o Will Not Function in Freshwater Manatee Habitats
 

Other Battery Types
 

Thus far only batteries conducive for use with the manatee-borne elec

tronics have been considered. Other bulkier batteries are available for use 

at the receiver sites if necessary. Certain "wet cell" varieties (nickel 

cadmium, lead acid, etc.) which would be totally unacceptable for use with the 

manatee-borne electronics from a size, weight or restricted orientational 

standpoint are in fact better suited for use at receiver sites than those types
 

" analyzed so far. Size, weight, gassing, leakage and expansion will typically
 

not be critical factors at the receiver sites. Tables 6 and 7 give some
 

data on typical secondary wet cells. (The following discussion of secondary
 

wet cells has been taken from selected sections of 116]).
 

The lead-acid cell is the lowest cost secondary cell. It also has good
 

capacity, life, high voltage per cell and can be discharged at high rates for
 

short periods of time. It is quite heavy and bulky and cannot be sealed be

cause it gasses on charge and on discharge.
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TABLE 6. CELL CHARACTERISTICS FOR TYPICAL SECONDARY WET CELLS (16)
 

COMPOSITION,
 

LIFE IN OPERATION
CELL POTENTIAL, V
CHARGED STATE
BATTERY TYPE 

OPEN
 

POS. NEG. ELECTROLYTE CIRC, fDISCHARGING CYCLES FLOAT
 

LEAD-ACID PB02 PB H2S04 2,14 2.1-1,46 TO 500 TO 14 YR
 

NICKEL-IRON NI02 FE KOH 1,34 1.3-0.75 100 - 3,000 TO 30 YR
 

NICKEL-CADMIUM NI02 CD KOH 1,34 1.3-0.75 100 - 2,000 8-14 YR
 
25 - 500 4-8 YR
 

SILVER-ZINC AGO ZN KOH 1.86 1.55-1.1 100 - 300 1-2 YR
 
LOW DIS,
 

5 - 100
 
HIGH DIS,
 

SILVER-CADMIUM AGO CD KOH 1,34 1.3-0,8 500 - 1,000 2-3 YR
 

http:1.3-0.75
http:1.3-0.75


TABLE 7. RELATIONSHIP OF TEMPERATURE, DISCHARGE RATE, AND PERFORMANCE [161
 

Battery Type Cell Dis- Potential at Midpoint Capacity. A-Hr Energy Density 
Rated charge V % Rated 

Capacity Rate. - 8-Hr/cm 3 

A-hr A. 1-Hr/Kg -re 
- 2 180 40°C %,7°c~ j8%,j,,%C 0 -40- 27C -180 -40-C 

Lead-acid 5 0.5 1.95 1.89 1.85 100 54 30 24.0 12.4 6.9 - 0.05 0.02 0.01 
1.0 1.92 1.84 1.80 88 so 21 207 11.3 4.7 0.04 0.02 0.01 

10.0 1.81 1.60 1.40 46 16 3 10.4 3.1 0.5 0.02 0.01 .001 
60 10.0 1 92 1.89 1.82 100 54 26 27.1 14.4 6 9 0 06 0 03 0.01 

25.0 1.90 1.80 1.65 87 31 10 23.3 7.8 2.2 0 05 0.02 .004 
50.0 1.87 1.70 - 63 18 - 16.7 4.4 - 0.03 0.01 -

100 0 1.70 - - 39 - 9.1 - - 0.02 -
Nickel-iron - 10 2.0 1.20 0 98 - 100 67 - 23.6 15.8 - 0.06 0.04 -

75 15.0 1.20 0 98 - 100 67 - 22.9 16.0 - 0.04 0.03 -

Nickel-cadmlum - .1.0 1.22 - - 100 - - 23.6 - - 0.05 -
00.0 1.11 1.05 1.05 94 67 21 20 2 13.8 4.4 0.04 0.03 0.01 

75 10.0 1.23 1.16 1.14 100 86 64 25.3 20.4 14.9 0.05 0.04 0.03 
25.0 1.20 1.14 1.06 97 82 48 24 0 19.3 10.4 0 05 0.04 0.02 
50.0 1.18 1 07 1.00 94 72 34 22 9 15.6 6 9 0 05 0.03 0.01 

100.0 1.17 - - 82 - - 18.7 - - 0.04 -
Silver-zinc 5 0.5 1.52 1.45 - 100 75 - 95 6 68 9 - 0.13 0 10 

1.0 1.50 1.42 - 96 70 - 90.4 56.7 - 0.13 0 10 
10.0 1.40 1.26 - 85 63 - 74.9 60.0 - 0.10 0.09 

60 10.0 1.52 1.46 - 100 92 - 103.0 86.7 - 0.19 0.16 
25.0 1.49 1.42 - 97 79 - 99.3 86.7 - 0.18 0 16 

50.0 1.48 1.42 - 92 75 - 93.8 86.7 - 0.17 0.16 
100.0 1.42 1.30 - 84 69 - 82.0 77.8 - 0.15 0.15 

Silver-cadmium 5 0.5 1.08 1.03 0.9 100 85 44 59 6 47.8 22.2 0.11 0.09 0.04 

5.0 1.05 0.99 0.7 95 80 40 46 7 35.6 12.4 0.09 0.06 0.02 
60 6.0 1.10 1.08 - 100 96 - 70.4 68.0 - 0.18 0.17 

60.0 1.00 0.94 0.9 95 80 40 54 4 50.2 28.9 0 13 0 12 0.07 

NOTE. These performance data are taken at random from a variety of cello. They show pronounced effects of temperature and discharge rate on

performance Dashes indicate that heaters are needed to warm cell in cold ambients. Nickel-irn cells, however, are not usually used
 
at temperatures below 0F.
 



Secondary cells, except lead-acid, have alkaline electrolytes and can be
 

stored with or without electrical charge. Lead-acid cells must be kept charged
 

because lead sulfate, formed during discharge, will convert slowly to a form
 

that interferes with recharging. Lead-acid, Ni-Fe and Ni-Cd cells inherently
 

self-discharge if used at very low rates and therefore cannot be operated for
 

long periods of time without recharging. Silver cells self-discharge at a
 

slower rate.
 

For very low capacity operations, Ni-Cd, Ag-Ce and Ag-Zn cells may be
 

sealed; however, they cannot be discharged excessively or overcharged without
 

venting. Generally sealed batteries should be used only when they are equipped
 

with pop-off vents to minimize the chances of explosion, While all batteries
 

except lead-acid can be stored in a discharged condition, discharged batteries
 

should not be stored in a sealed condition because of potential gas buildup.
 

Normal orientation for wet cells is upright. Most are equipped with
 

spill-proof vents for protection against inversion but wet batteries are not
 

generally designed for operation in any position other than upright. For
 

example, if Ag-Zn batteries with an unabsorbed electrolyte are inverted for
 

any length of time, they will soon destroy themselves because of zinc migration
 

around the separator.
 

Sealed batteries should be purged with dry nitrogen because release of
 

hydrogen within the battery could cause an explosion during heavy load 6r a
 

short circuit. Under certain conditions of overcharge and discharge, oxygen
 

can also be released which will negate this safety precaution.
 

A single cell that is able to handle the full ampere-hour capacity is
 

always preferable to smaller cells in parallel. Paralleling cells to increase
 

ampere-hour capacity is not advisable because of the possibility of differences
 

in cell potential. If some cells discharge sooner than others, the active cells
 

become unbalanced. This may happen near the end of a full discharge cycle or
 

sooner if one group of cells did not have a full initial charge.
 

Normal operation temperatures of most secondary batteries are in the range 

65 to 900. At these temperatures, chemical activity is good and optimum per

formance is obtained. At elevated temperatures, the voltage will rise slightly. 

High temperatures are a problem only if they are excessive enough to boil off 

the electrolyte, deteriorate the separators or distort the battery case. Special
 

105
 



designs can permit higher or lower operating temperatures. At low temperatures,
 

the voltage and the ampere-hour capacity are reduced because the initial volt

age is lower, causing the battery to reach the fixed cutoff value sooner.
 

Secondary battery systems are subject to aging after the introduction of
 

electrolyte. From the moment the battery has been wetted (activated), its
 

life is measured in terms of wet life and cycle life (see Tables 6 and 7),
 

These data will vary with the design of the battery and the individual appli

cation requirements. High rate batteries, which can deliver large current
 

drains for short periods of a few minutes to an hour, offer fewer cycles and
 

a shorter wet life than the medium- or low-rate batteries which are designed
 

to discharge at rates of 1 to 10 hr. or longer.
 

Wet charge batteries should never be drained of electrolyte and allowed
 

to dry because rapid degradation of plates and separators will take place.
 

Among the alkaline batteries (Ag-Zn, Ag-Cd and Ni-Cd), it is mainly the
 

separator system which is affected by aging. In the lead-acid battery, the
 

electrodes mainly are subject to aging. In wet life alone (stored in the
 

charged condition), high rate lead acid cells may lose up to 50 percent of
 

their charge in a few days. Normal lead-acid cells lose up to 50 percent
 

capacity in 6 months. Low-rate lead-acid cells lose 15 to 20 percent of their
 

charge per year, Ni-Cd (sintered) cells lose 10 to 20 percent per month and
 

Ag-Zn and Ag-Cd cells lose 15 to 20 percent per year.
 

It is desirable to take the maximum specified number of cycles from a
 

given battery within its specified wet life. It is possible to continue operating
 

the battery beyond this point, but the capacity will decrease. Should the in

dicated number of cycles be taken from a battery well before the end of its
 

wet life, it may continue to function but its ability to accept a full charge
 

and also deliver the output cannot be assured.
 

Solar Cells
 

Solar cells can be used either as a power source or as a charging device
 

for a secondary cell. The output of a solar cell varies considerably depending
 

on the size and composition of the cell and on light conditions. The most
 

common solar cells are made of silicon, cadmium, or gallium with a variety
 

of impurities. A 20 x 30 mm cadmium cell with copper impurities can produce
 

a few tenths of a volt with a current of as much as 130 mA.
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Solar cells have limited usefulness as a primary power source when light
 

intensity or duration cannot be guaranteed. If the light source is the sun,
 

the cell will have practically no output at night or on a cloudy day. On a
 

sunny day, the output will vary according to the cell's orientation to the
 

sun.
 

Solar cells are more useful in conjunction with a secondary battery. A
 

single cell or a plurality of cells can be used to charge the secondary cell
 

when light conditions are favorable. In arrangements of this type, the solar
 

cells must be isolated from the battery at times when they are not charging it
 

lest they act as a load and discharge the battery.
 

The various shortcomings of solar cells preclude them from use as a pri

mary source in any part of the tracking system. Inefficiency and relatively
 

high cost also make them unattractive for use as a supplementary power source
 

at the receiver sites; however, some advantage might be gained by using them
 

in conjunction with secondary cells in the manatee-borne electronics package.
 

There, the current drain requirements are much lower as are the required
 

charging voltages. Since manatees are typically exposed to direct sun light
 

numerous times during the day, it would be expected that a solar cell assist
 

to a secondary cell battery pack could extend to operational life of the system.
 

It is doubtful, however, that such an intermittent diurnal solar assist could
 

extend the battery life of nickel cadmium cells (for example) to the point of
 

surpassing that of (unassisted primary) lithium cells.
 

Mechanical Generators
 

Mechanical generators are a popular means of generating power. At the 

receiver sites, they would be useful as a backup source to commercial power or 

as a primary power plant for mobile operation. Several modes of operation are 

possible when employing generators. First is the classic "dynamotor" which 

was used extensively during World War II as a DC-to-DC transformer. The 

Dynamotor configuration is a motor-generator set where the motor is typically 

battery operated. The driven generator in turn delivers a DC current at a' 

potential other than that of the motor - energizing battery. 

Since the advent of high power semiconductors, a new device has emerged
 

which has all but replaced the Dynamotor. The device, known as an inverter,
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performs the same basic function of DC-to-DC conversion yet it contains no
 

moving parts and is totally solid state.
 

Another mode of operation is where the generator is driven by a mechanical
 

motor such as a steam turbine, windmill or internal combustion engine. Fre

quently other forms of'energy are more prevalent than electricity in certain
 

locations. If these can be harnessed and transformed into rotational motion,
 

a mechanical generator can be employed to generate electricity. This is
 

precisely the application that one would encounter when operating a mobile
 

tracking site in the field.
 

Mechanical generators even have application in providing energy to the
 

manatee-borne electronics. A miniature permanent magnet (PM) generator con

nected to a small propeller'would provide charging current to a secondary cell
 

battery pack whenever the manatee moved through the water. Though conceptually
 

feasible, such a "charger-secondary cell" power scheme suffers from the same
 

difficulties as does the solar assisted system described earlier with the
 

added disadvantage that the rotating propeller shaft must have a magnetic or
 

watertight bearing and be free from fouling in the manatee environment.
 

Power Source Recommendations 

Fixed Receiver Site, It is recommended that commercially available 110 

VAC power be used as a primary energy source. This source will also be used 

to trickle charge a lead-acid battery pack as a backup. The choice of lead 

acid secondary cells for this application is based on their low cost, availa

bility and respectible service capacity. In the event of a power outage, the 

secondary cell pack would automatically be switched into service allowing 110 

VAC operation to be maintained through the use of a solid state inverter. 

Note that a backup power system is not a necessity if infrequent shutdowns can 

be tolerated. In any event, it would be desirable to maintain main receiver 

site computer operation throughout a power outage to assure an orderly auto

matic restart of all computer-controlled systems and algorithms when power is 

restored. 

Mobile Receiver Site. If mobile receiver sites are employed, then it is
 

recommended that a lead-acid battery pack and inverter be used as a primary
 

energy source. Provisions should also be made to allow 110 VAC commercial
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current operation when a mobile site is operating near a distribution point.
 

Backup power should not be necessary since mobile units by definition are
 

tolerant of intermittent operation (i.e., direction finding will not be pos

sible using the recommended techniques when one or more of the receiver sites
 

is in motion). For extended field operations, it would be desirable to have
 

the battery pack charge off the propulsion unit of the carrier (truck engine,
 

boat motor, etc.).
 

Manatee-borne Electronics. Analysis has shown lithium primary cells to
 

be far superior to any other energy source available in terms of service capa

city, discharge characteristic and cost. Assisted secondary cell arrangements
 

promise an extended operational life but are actually rendered less effective
 

in this application by the habits and habitat of the manatee.
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DF SITE SELECTION
 

When selecting DF receiver sites in the proposed Banana River tracking
 

area, eight major points were considered. First, low noise regions were
 

sought. These are areas free of excessive power lines and population. Ig

nition noise, RF interference (RFI) from neon signs, heavy equipment and many
 

other noise sources associated with urban areas are to be avoided.
 

High terrain is at a premium in the Banana River area. However, high areas
 

will result in improved line-of-sight (LOS) coverage and lessened antenna tower
 

expense. Any site chosen must be suitable for tower erection as well. Phy

sically, a swamp area would be unsuitable and logistically, a tower placed in
 

the middle of a highway would be unacceptable.
 

It is desirable to have sites that are readily accessible to authorized
 

personnel for purposes of installation, data monitoring, maintenance or up

grading of the system. Accessibility to conventional 110 VAC power and tele

phone lines is also desirable.
 

DF net spacing and configuration is of primary importance since this is
 

critical to the accuracy and resolution of the system. Conveniences like
 

accessibility and high terrain would be forfeited to improve EPE and probability
 

of intercept (discussed subsequently) over the entire tracking range.
 

Site placement must be such that two-site LOS coverage is possible in all
 

regions of the tracking area. As mentioned in other sections, two site LOS
 

coverage will diminish the effect of "on the horizon" reradiators.
 

Along these lines, a site must be located only in areas with minimum chance
 

for multipath interference. For example, placing a receiver site in the middle
 

of the antenna farm located at the southern end of Cape Canaveral would be a
 

very poor choice. The tops of most buildings in the KSC-Cape Canaveral area,
 

though high, easily accessible, and amenable to the tower erection, are typi

cally poor site choices since most are inherently noisy environment (elevators,
 

air conditioning plants, etc.) and contain numerous roof-mounted antennas al

ready. These close proximity antennas will provide not only an additional
 

noise source but extreme multipath reradiation. For example, due to its immense
 

stature, the vehicle assembly building (VAB) located at the northern end of
 

the proposed tracking range has been suggested by many as a seemingly ex

cellent site for a DF receiving station (located on top). On the contrary,
 



the VAB is a poor HF/VHF DF site for the following reasons:
 

1. 	Presence of resonant reradiators, e.g., the array of lightning rods
 
on top of the VAB. This array consists of 1 meter rods (X14 resonant
 
at 75 MNz and X/2 at 150 MHz) located on a square matrix about 10 m
 
on a side. These rods must be elevated above any object on the top
 
of the VAB, meaning that any DF antenna will be located in the im
mediate proximity of a major reradiator, hence bearing errors will
 
occur.
 

2. High RF noise level. The VAB is electrically noisy. Compressors,
 
elevator control, internal machinery, etc., create a high RF noise
 
environment. The optical LOS may be improved but the actual elec
tromagnetic coverage area may not be greatly improved by this siting.
 

3. 	Shadowing. The extreme height of the VAB means that the dead zone
 
surrounding the base of a horizontally directed antenna will be ex
tensive. Antenna alignment and/or design will be necessary to make
 
the receive pattern "look down" into the dead zone in order to "see"
 
manatees in the northern reaches of the Banana River and Banana Creek.
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NET CONFIGURATION CRITERIA
 

The major criteria used in the determination of the desired net configura

tion are (a) complete coverage of Banana River from Bennett Causeway to NASA
 

Crawlerway (cf. statement of work, Contract NASl0-9097) with secondary emphasis
 

on incidental coverage of the Indian River north of Bennett Causeway; (b) at
 

least two-site coverage at any point of interest within this area; and (c)
 

maximize probability of signal intercept (P(I)) and EPE. Figure 20 shows a
 

candidate three-station net that satisfies many of the DF site selection cri

teria presented in the last section. The northern site is at the location of
 

a 5 meter camera mound that is near an access road but several kilometers
 

from the nearest urban area of the space center. The southeastern site is
 

located at the end of the old skid strip in a region relatively free of re

radiators and several kilometers from the main urban sections of the Cape
 

Canaveral Air Force Station. Site number three, located in the southwest qua

drant of Figure 20, is in an open area that was an old optical tracking site.
 

This area is accessible and away from urban RFI.
 

A LOS coverage computer algorithm (see Appendix I) was applied to this
 

three station net to calculate the two-site coverage overlap for DF receivers
 
t 

elevated to 15 meters. The shaded region of Figure 21 shows that these three
 

stations will cover all but the northernmost regions of the proposed Banana
 

River tracking range.
 

More coverage is necessary to the north so an additional station, shown
 

in Figure 22, was added to the net three kilometers southwest of the Merritt
 

Island/Banana River side of the NASA causeway. Figure 23 shows the two-site
 

LOS coverage for this four-site net using receivers at a height of 15 m. Note
 

that all regions of interest within the proposed tracking area are covered
 

along with much of the Banana Creek and a large portion of the Atlantic coast

line parallel to the proposed tracking range.
 

As a matter of interest, two more sites were added to see if two-site
 

LOS coverage of the Indian River would be possible with 15 m towers. The lo

+Note that all LOS coverage analyses in this report are worst case conditions
 

in that they purposely do not include any boosting of tower-mounted DF receiver
 
height by terrain features.
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cation of these sites and the resulting coverage is shown in Figure 24. Here,
 

all of the proposed Banana River tracking range is covered, all of the Banana
 

Creek area, a large portion of the Indian River (including Indian River Power
 

generating station, a winter congregation point for some manatees) as well as
 

a large portion of the Atlantic coastline and adjacent waters.
 

Various tower heights were analyzed to find the lowest usable receiver
 

antenna height. It was found that towers resulting in a receiver antenna
 

height of 15 m provide adequate coverage with minimum cost. Figure 25 shows
 

the drastic change in two-site LOS coverage that results when the same net
 

configuration as that of Figure 24 is used but with only 3 m receiver antenna
 

height.
 

Based on this computer analysis of LOS coverage in the proposed Banana
 

River tracking area, it is recommended that a four-station net be used for
 

Banana River coverage, or a six-station net for both Banana and Indian River
 

coverage. Thus far, each of the actual site locations has been intuitively
 

derived, based on knowledge of the KSC-Cape Canaveral terrain, points of RFI
 

concentration and areas of likely multipath interference. The next section pre

sents a computer analysis of these site choices in terms of EPE and P(); two
 

parameters that will serve as measures of merit to verify or refute the value
 

of this first siting attempt.
 

Net Parameter Values
 

Many computer permutations were run to study the effects of various para

meters on EPE and the probability that a given transmitted signal is received
 

by at least two sites (since a DF fix requires signal intercept by a minimum
 

of two sites). The following is a list of the parameters and the range over
 

which they were vdried.
 

o 	Net Configuration (number of stations)
 
3, 4, 5 and 6 stations
 

o 	Bearing Error, (0 ) 
10, 20, 30 (it isefelt that 10 is nominally attainable while 0 > 3' 
is considered sloppy performance) e 

o 	Observation Time (T)
 
10, 102, lO4 (this parameter refers to the number of samples averaged
 
during a processing period to fix position)
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o 	Transmit-Antenna Gain, (G )
 

HF: -2 dBi, -40 dBi (Transmit antenna figures are ex
pected values for electrically short
 
HF antennas or resonant VHF antennas,
 
both 	over a poor ground plane)
 

VHF: 0 dB. (The range of Gt values for HF de
pends on tuning and matching charac
teristics)
 

HF/VHF Height (h t): 0.5 m (h is the "effective antenna height"
t 


due to ground plane imaging)
 

o 	Receive-Antenna Gain, (G )
 
HF: 2 dBi
 
VHF: 6 dBi
 
HF/VHF Height (h r): 3 m, 15 m
 

o 	 Frequency
 
30 11Hz (upper HF)
 
140 MHz (VHF)
 

o 	Noise
 
Low (VHF only; suburban/rural noise levels)
 
Medium (VHF: High suburban levels; HF: winter levels)
 
High [VHF: urban; HF: summer (especially P.M.)]
 

o 	Receiver Bandwidth
 

40 KHz (This is a worst case figure and could
 
be improved in practice. This value
 
was used in all runs)
 

o 	Environmental Factors
 

Terrain: Plains (see Appendix I for further explana
tion of this parameter) 

Surface Constants: a = 4.8 mhos-mIm 2 , (These are typical values 
e = 81 for the entire Banana River 
r 
 area)
 

o 	Transmit Polarization
 
Vertical 	 (This parameter was not varied since
 

any manatee-borne whip antenna would
 
be vertically polarized in order to
 
break the surface of the water in
 
its entirety)
 

" 	Transmit Power, (P )
 
0.01, 0.1, 1.0, 10.0 Watts
 

From 	this list of parameters, probabilities of intercept as a function of
 

computed signal-to-noise ratio (SNR) were computed with values ranging -from
 

100% 	to 0%. In addition, areas describing the positional uncertainty (EPE's)
 

resulting frbm the cummulative errors of two or more sites were also computed.
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"Best" Case Analysis
 

In order to obtain a benchmark by which various DF parameter variations
 

could be compared, a computer net analysis was performed using the most favor

able parameter extremes (as listed above) to yield "best" case EPE's and P(1)'s.
 

The following parameters were used: high radiated power, Pt = 10 watts;
 

large number of samples, Tf = 10 4; low noise; six station net; and low bearing
 

error, 0e = 1 
. Obviously even more favorable parameter values could be used 

(e.g., no noise, no bearing error, an infinite number of samples). However,
 

the degree of improvement would be misleading and not realistically useful
 

as a benchmark. Figure 26 shows the results of this "best" case analysis. Note
 

that the small elliptical areas in the Banana and Indian Rivers, as well as
 

the Banana Creek, represent possible sampled manatee positions. That is, a
 

DF system with the stated parameters could identify the presence of a tagged
 

manatee within the boundary of a given ellipse; however, beyond that resolution,
 

the system could only extrapolate the animal's actual position within the
 

ellipse. These are the EPE's or CEP's (circular error probabilities; termi

nology used interchangeably throughout the figures). The smaller the area of
 

the CEP, the higher the position fixing resolution of the system. Note also
 

that the probability of receiving a transmitted signal by two or more sites
 

(P(I)) throughout the system is 100% for all points within the LOS coverage 

of both the Banana and Indian Rivers.
 

Representative Cases
 

Many computer runs were performed to find an optimum realizable set of
 

system parameters. Certain parameters were not varied because of logistical
 

constraints. These were Pt which was restricted to 0.1 W at VHF and 0.01 W
 

at HF, as well as h of 0.5 m and Gr, limited to 6 dB. for VHF and 2 dB. for
 
t 13 1 

HF. These restrictions were imposed on all computer trails for battery life 

and manatee-borne antenna-type considerations, respectively. Certain other 

parameters were also fixed in order that the computer trails yield realistic 

worst case analyses. These parameters were receiver bandwidth of 40 KHz, 0e 

of 30 and Tf of only ten samples. A receiver antenna height of 15 m was con

sistently used throughout all trials since the LOS coverage calculations had 

been based on this figure. 
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Because a four-station net was found to provide adequate LOS coverage over
 

the proposed Banana River tracking range, the vast majority of computer runs
 

concerned this configuration. Figures 27 through 33 are representative cases
 

based on data compiled during the computer analysis. In each of the seven
 

representative cases presented, a parameter of significance is varied to show
 

its general effect on EPE (CEP) and P(I).
 

Figure 27 is an example of HF operation in a high noise environment. Here,
 

probabilities of signal intercept range from 100% in the lower and mid-Banana
 

River tracking area to a minimum of 44% up in the Banana Creek area. Note that
 

there is a correlation between the probability of intercept and the area of un

certainty for a given region within the area shown. DF operation in the Indian
 

River is quite poor with'this net configuration and parameters. In general,
 

DF operation will be optimum in regions surrounded by DF sites. Note that all
 

DF measurements of the Indian River using the depicted four-station net are
 

made from one side (east).
 

Figure 28 shows how increasing the gain of the manatee-borne antenna at HF
 

could be used to improve the overall performance of the DF system in the high
 

noise environment encountered at these frequencies in the KSC-Cape Canaveral
 

area (see Table 3). Figure 29 shows that operation in a medium noise environment
 

at HF would have a comparable effect on the overall DF system performance.
 

From the standpoint of DF system measurement realiability, it would be highly
 

desirable to have 100% probability of intercept at all points within the pro

posed tracking range. So far, neither increasing antenna gain nor decreasing
 

environmental noise along can guarantee 100% P(I) at all points of interest. Fi

gure 30 shows that a combination of medium noise levels and increased radiating
 

efficienty (Gt = -2 dBi) can achieve 100% P(I) at all points. Unfortunately,
 

medium noise levels can only be expected for HF during the winter months in this
 

area. Therefore, even if antenna gain could be improved, it is unlikely that
 

100% P(I) could be guaranteed year round.
 

Figure 31 reveals that jumping in frequency from HF to VHF yields unaided
 

DF operation in a high noise environment that is comparable to that of HF
 

operating in either a medium noise winter environment or with an improved an

tenna gain. Still P(I) appears to be somewhat less than 100% under the stated
 

conditions. In actuality, however, VHF noise levels in the KSC-Cape Canaveral
 

area range from low to medium throughout the year. Figures 32 and. 33 are based
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on the same VHF data as Figure 31 but reflect the DF system's response to
 

medium and low noise levels, respectively. In both cases, note that 100%
 

P(I) is guaranteed at all points, all year, throughout the proposed tracking
 

area.
 

Referring back to the "best" case analysis of Figure 26, it may be noted
 

that the CEP areas are typically smaller than those of Figure 33 thus implying
 

greater accuracy. The questions arises "what degree of inaccuracy can be tole

rated?" The largest CEP areas within the Banana River (as shown in Figure
 

26) have diameters of approximately 96 m. The diameters of the largest Banana
 

River CEP areas of Figure 32, on the other hand, are approximately 330 m.
 

Table 8 lists the pertinent data used to generate the CEP's and P(I)'s of
 

Figures 27 through 33.
 

Discussions with NFWL-FWS biologists indicate that a maximum CEP of 1 km
 

diameter would be suitable for NFWL-FWS needs as it is only important to know
 

the "vicinity" that a given animal is occupying at a given time (see R & D
 

status report No. 8, Contract NAS10-9097, November, 1977). Therefore, the
 

medium noise VHF case as shown in Figure 32 provides nearly three times the
 

performance of the maximum suitable 1 Km diameter CEP. Of course, even better
 

performance is expected under the low noise VHF conditions that are prevalent
 

in the proposed tracking area.
 

It should be noted that maximum HF CEP's are not vastly different in area
 

and hence diameter, than the maximum VHF CEP's. The major difference results
 

from the lower P(I)'s achievable at HF. This causes the average HF CEP area
 

to be larger than the corresponding VHF CEP's which are associated with P(I)'s
 

of 100%. As a consequence, the maximum CEP's of HF and VHF DF systems are
 

similar but overall the VHF system outperforms the HF.
 

Further conversations with NFWL-FWS indicated that they felt that the con

-stricted upper Banana River area (from the Titan launch complexes, north to 

the NASA Crawlerway) does not need specific DF fixes (other than information 

that an animal is in this area), as any animal in this region will be re

stricted to certain well defined channels. An additional coibputer analysis was
 

performed to investigate the possibility of a reduced net configuration wherein
 

only three sites were employed (northern site dropped) with emphasis on posi

tioning accuracy being limited to the middle and lower reaches of the proposed
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TABLE 8. 


FREQUENCY G 

(MHz) (1-I) 

30 - 2 


(1)30 -10 


30 - 2 


(2) 30 -10 


140 0 


140 0 


(3)140 0 


(1) ANTICIPATED CONDITION. 

(2) ANTICIPATED CONDITION. 

(3) ANTICIPATED CONDITION. 


*P(I) RANGE: LOW TO HIGH
 

COMPARISON OF REPRESENTATIVE CASES
 

BANANA RIVER INDIAN RIVER
 

NOISEP()* M P() 
(%) (%) (K1 xIKM)
 

MEDIUM 100/100 0,17 x 0.49 59/100 1.08 x 0.30
 

MEDIUM 88/100 0.18 x 0,53 27/73 1,65 x 0,93
 

HIGH 76/100 0.18 x 0.55 15/67 2,19 x 1.23
 

HIGH 44/100 0.22 x 0,74 0/35 6,4 x 3,0
 

HIGH 60/100 0.20 x 0,62 0/51 3,4 x 1.9
 

MEDIUM 100/100 0.17 x 0.50 43/95 1.25 x 0,31
 

LOW 100/100 0,17 x 0.48 100/100 0.75 x 0.47
 

WINTER AT KSC LOCAL CONDITIONS
 
SUMMER AT KSC MAY ALTER
 
ALL YEAR AT KSC NOISE LEVELS
 



tracking area. The conclusions drawn from this analysis indicated that there
 

was no appreciable effect on DF accuracy between the Bennett Causeway and the
 

NASA Causeway while operations north of the NASA Causeway were significantly
 

degraded as expected. The only advantage of this reduced net configuration
 

lies in the reduced overall cost of the system.
 

ELF Net Analysis
 

Severe problems arise when trying to apply standard techniques to an ELF
 

net analysis in the same manner as that performed for the HF and VHF systems
 

above. This is due to a number of factors related directly to the extraordi

narily low frequency of operation. In particular, the following unknowns become
 

evident when considering direction finding using a submerged ELF source:
 

a. The optimum frequency ELF signal generator and antenna that is feasible 
to be placed on a manatee, 

b. The design characteristics and placement of the antenna on the manatee 

in order to produce an omnidirectional signal, 

c. The power radiation efficiency for ELF signals, 

d. The possible bandwidth of frequency modulation that could be supported 
by an ELF carrier to make assessments of link transmission bandwidth. 
Will bandwidth support an ID code: electrically short antennas have 

high Q (e.g., 103) and hence low bandwidth. Also high Q implies slow 
rise time. Can a high Q ELF antenna support "on-off" encoding pulses? 

e. Sea-air interface refraction loss magnitudes as a function of ELF 
frequency and antenna depth, 

f. Received signal-to-noise ratio at representative distances from a 
submerged transmitter to a receiver site using typical atmospheric 
noise levels, and receiver noise and bandwidth figures. 

g. Polarization and depolarization effects: are there significant 
differences between refraction losses for horizontal and vertical 
polarization, 

h. The effects of ELF receivers being within the near field, 

i. The ducting effects of the lower atmosphere on ELF signals, 

J. The viability of a transponder system for signal radiation.
 

These questions have been briefly investigated with very little specific support
 

by the literature. Nearly fifty journals, texts, reports, etc., have been
 

reviewed with little empirical data fitting this particular application. Few
 

applications of ELF direction finding have ever been employed. Most emphasis
 

on ELF has been in the realm of passive monitoring with recent interest fo
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cused on worldwide submarine communications (Navy project "sanguine" later
 

redesignated "seafarer").
 

Certain conclusions are likely, however. It is anticipated that grave
 

difficulties will be experienced when network direction finding techniques are
 

employed from within the near field of the ELF transmitter. H-field sensors
 

(ferrite core loop antennas) require highly planar wavefronts for accurate 

direction finding. Planar wavefronts cannot be guaranteed and in fact, will 

probably not be present at all within the proposed tracking area because a 

distance of 5 X or greater is recommended to achieve plane wave propagation, 

therefore requiring the DF site locations to be 30 to 50 Icm from the source. 

Even if 1 to 2 X is assumed adequate for reliable DF operation, the site-to

source distance is still 10-20 1cm. Estimates vary as to the relative effi

ciency of a submerged ELF radiator, the average being somewhere around 0.1% 

efficient. This implies that if 1 watt effective radiated power (ERP) at ELF 

is suitable to get above the KSC-Cape Canaveral noise level, then up to 1000 

watts of drive power would be necessary on the manatee. As a result, the 

success of a manatee-borne ELF tracking system is doubtful and certain basic 

experiments in the area of short antenna subsurface ELF transmission should 

be tried to verify expected radiation efficiencies before any development 

of an ELF DF system is begun. 
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RECOMMENDATIONS BASED ON COMPUTER NET ANALYSIS
 

The following recommendations are based on the HF/VHF computer net analy

sis:
 

o Four-station net 

o Receive-Antenna Height: h 15 mr 

o 	 Minimum ERP at HF: Pt(HF) = 10 mW
 
Pt(V1HF) = 100 mW
 

" Transmit-Antenna Gain: 	 Gt(HF) > -2 dBi
 
Gt(VHF) > 0 dBi
 

o Maximum Tolerable Bearing 	Error: 8 < 30
e 

o 	 Receive-Antenna Gain: Gr(HF) - 2 dBi
 
Gr(VHF) 6 dBi
 

o 	 Receive-Antenna Pattern: Omnidirectional in azimuth, directive toward 
horizon in elevation (i.e., stacked, verticle 
colinear array) 

Preferred System
 

From the recommendations derived by the computer net analysis, a pre

ferred RF system can be specified having the following general specifications:
 

(a) Frequency: l140 MHz
 
(b) Transmit-Antenna Gain: 	 > 0 dBi 
(c) Receive-Antenna Gain: > 6 dBi
 
(d) Receive-Bandwidth: <'40 KHz 
(e) Receive-Antenna Height: 15 m 
(f) EP: > 100 mW 
(g) Maximum tolerable 	bearing error! < 3' 
(h) Net configuration: four-station, at specified sites (immobile)
 

The manatee-borne transmitter would have a keyed (pulsed) modulation for use
 

in a phase angle TOA direction finding scheme as this will provide the most
 

flexibility in terms of sampling times. The only critical parameter involved
 

in this type of transmission is the short-term stability of the modulation
 

frequency. By consistently sampling only the rising (or falling) edge of the
 

modulation, the system can be made immune to minor modulation pulsewidth
 

variations. Carrier frequency should also have good short-term stability.
 

Both carrier and modulation frequencies can be crystal controlled to achieve
 

this necessary short-term stability. Rapid temperature changes which might
 

affect short-term oscillator frequency stability are not anticipated in the
 

manatee habitat.
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Identification of individuals is best performed using time segmented trans

missions similar to the ID technique explained earlier in the section
 

dealing with acoustic tracking recommendations. This would mean that all of
 

the manatee-borne transmitters could operate on the same frequency thus simpli

fying transmitter construction and tuning while allowing the use of identical
 

fixed frequency, narrow bandwidth receivers at each site. In this part of the
 

system, long-term stability is important since it would be undesirable to have
 

the transmission from a tagged individual drift outside of its appointed
 

transmission time slot. The required degree of long-term stability is easily 

achievable using current timing circuit technology (similar to solid state 

watch circuits). ID overlap resulting from minor long-term drift can be avoided 

by placing dead zones between contiguous time slots. According to NFWL-FWS 

biologists, due to the difficulty in finding and capturing subjects for tagging, 

it should not be expected to have more than a maximum of four manatees for 

initial tracking experiments (see R & D status report No. 8, Contract NASI0

9097, November, 1977). This will mean that initially, transmission time slots 

for tagged individuals could range up to 14 minutes each,with a full minute 

dead time between adjacent interrogations.
 

Each site will have access to a reference frequency for use in measuring
 

the phase of the received signals. This reference must have excellent fre

quency and phase stability. Since the sites are to be separated by large
 

distances, distribution of the reference signal is best achieved by RF trans

mission from the main site to each peripheral site. Because intersite dis

tances will have been accurately measured, constant phase shift due to propa

gation from the main site to each peripheral site can be accounted for. Use
 

of a high ERP to transmit the reference will guarantee its accurate reception
 

at each peripheral site. Upon reception, the reference will be used to injec

tion-lock oscillators having excellent short-term stability. The reference
 

could be transmitted continuously (at some frequency other than that used by
 

the tagged individuals) to assure reliability.
 

Digitized data from each peripheral site could be transmitted back to the
 

main site for processing via an RF communications link, however, serial trans

mission of data over existing telephone lines would be more economical. In
 

such a configuration, peripheral-site data would be stored for periods of hours
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or even days prior to automated phone-dialing and subsequent relaying of the
 

information to the main site for processing. In doing so, leased-line opera

tion could be avoided and standard phone operation used. In fact, this would
 

also allow direct data transmission to some large central computing facility
 

for reduction. Main site computing and I/0 equipment would then be unnecessary
 

thereby reducing the overall system cost and complexity. The use of serial
 

phone line transmission is not applicable if any site is to be mobile or if
 

phone service is unavailable. In this event, RF links will be necessary,
 

though one other possibility would be to transmit site data via RF links to
 

some distant receiver point that had access to standard telephone service.
 

The data could then be relayed from this point to the computing facility via
 

phone lines.
 

In many cases, real time operation would be desired. This requires imme

diate peripheral site data transmission and on-site computing capability. Any
 

modern minicomputer is capable of handling real-time processing and display
 

at the required data rate of this system.
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EXPANDIBILITY OF RECOMMENDED SYSTEMS
 

Both the acoustic proximity network and the VHF phase angle TOA network
 

are practically expandable in two ways. First, either network type could be
 

constructed at other locations and operated simultaneously with the Banana
 

River net so long as telemetry from the adjacent nets did not interfere with
 

one another. Such interference could be avoided by assuring that adjacent
 

nets used telemetry links on different channels. Any broadcast reference
 

signals would need to be spaced at harmonic intervals, with injection-locking
 

occurring on a uniquely filtered version of the harmonic. For example, if
 

two nets are adjacent and one net uses a 16 KHz reference, then the other net
 

might use 8 KHz as its reference. Each peripheral site of the first net would
 

receiver its 16 Kiz reference through a 16 Kz bandpass filter. This would
 

reject any 8 KHz that might be present from the adjacent net. Injection

locking of a 16 KHz oscillator would then take place using this filtered 16
 

KRz signal. The second net would operate similarly except each peripheral
 

site would have an 8 KIz bandpass filter on its receiver to reject any stray
 

16 KHz signals coming from the first net. Injection-locking of a 16 Kfz os

cillator would then be accomplished on alternate cycles of the filtered 8 KRz
 

reference. Of course, the frequency of the manatee tag modulation, being 16
 

lKHz (in this example), would be usable by either network thereby expanding
 

the system to handle net-to-net migrations.
 

The second way to expand the system is to make it mobile. Accurate posi

tion fixes could not be easily obtained while any part of the network was in
 

motion: however, periodically repositioning the network to follow a gradual
 

migration, for example; would synthetically increase the size and coverage of
 

the network. Determination of the network configuration for a given area
 

requires a degree of analysis and preplanning in order to achieve reliable
 

operation with either an acoustic proximity network or especially an 1UF phase
 

angle TOA network. It would therefore be necessary to have planned an
 

Itinerary and chosen network configurations (based on each given area on the
 

itinerary) before attempting to move the system and make measurements at
 

different locations.
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APPENDIX I
 

CEP/P(I) PERFORMANCE ANALYSIS MODEL
 

Introduction and Approach
 

One of the major objectives of this study has been to assess the system
 

performance of a net of DF systems in the VHF frequency region. This assess

ment required that consideration be given to the probability of intercept and
 

the elliptical probable error (EPE). The probability of intercept provides
 

a measure of the likelihood that a signal will be received at a remote point
 

and the EPE quantifies the radiolocation error when two or more DF sites ob

tain bearings. It should be apparent that both of these performance measures
 

involve a number of parameters which characterize any given situation. Typi

cal of these parameters are: transmitter power, antenna heights, DF angular
 

accuracy, frequency and soil and terrain characteristics. Fortunately,
 

Georgia Tech has existing models which provided a starting point for the re

quired performance analysis. The purpose of this Appendix is to provide a
 

summary of the performance model and to show major mathematical results. For
 

brevity, many details are omitted but key results are shown.
 

The general analysis model was constructed by adapting previous Georgia
 

Tech models to the scope of this investigation. Basically, the analysis model
 

consists of VHF propagation models, radio noise models, soil and terrain
 

features, DF performance parameters and EPE plot routines. Inputs to the model
 

included results from the literature and results derived from numerous radio
 

wave propagation studies conducted at Cape Canaveral by Georgia Tech. To the
 

maximum extent possible, the model was constructed so that parameter values
 

could be inserted by the analyst during the course of performance evaluation.
 

Performance Measures
 

Intercept and Signal Acquisition. Normally DF is preceded by signal
 

reception and identification usually called signal intercept. The DF system
 

can operate in several intercept modes: (1) it can operate in an autonomous,
 

non-netted mode and, for example, provide bearings to a central control on all
 

signals appearing on a specified frequency or, (2) it can operate in a netting
 

mode with alerting and cuing from a central control where the primary inter-
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cept is performed. In any mode of operation, a signal must be acquired and,
 

possibly, pertinent characteristics identified before the DF mode is acti

vated.
 

The probability-of-intercept and signal acquisition are a function of
 

several system parameters such as the following:
 

o Antenna Gain and Spatial Coverage
 
o Antenna Height
 
o Receiver Sensitivity
 
o Receiver Selectivity
 
o Frequency Coverage
 
o Tuning Rates and Frequency Agility
 
o Modulation Tolerance
 
o Transmitter Power
 
o Transmission Duration
 
o Noise Levels
 
o Terrain Features
 

All of these parameters including the characteristics of the incident signal
 

must be considered in the probability-of-intercept computations.
 

DF Accuracy Considerations. DF accuracy is a function of many varied
 

error sources. In general, these errors can be subdivided into four general
 

classes:
 

o System Instrumental Errors
 
o Siting Errors
 
o Path/Propagation Errors 
o observational Errors 

System instrumental errors are, in general, either (1) fixed, determi

nistic errors caused by departure of the subsystems, components, etc. from 

the ideal, e.g., the octantal errors of a goniometer and amplitude and phase 

mismatch in multichannel receivers; or (2) random, statistical errors induced 

primarily by the time-variable nature of the incident signal, e.g., the ef

fects created by abnormal polarization pick-up on RF transmission lines and 

antenna intra-elenent scattering and coupling errors which vary as a function 

of incident signal angle-of-arrival and polarization. 

Siting errors are created by irregularities of, and reradiating objects 

on, the terrain surrounding a DF system. These errors are, in general, random 

even though they can be regarded as systematic when a particular frequency,
 

signal polarization and direction-or-arrival are considered. At VHF, it is
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possible to configure sites in which the only important siting errors arise
 

from very local effects which can possibly be minimized and controlled.
 

The effects of path and propagation errors on bearing errors has been
 

the subject of considerable research and mechanisms have been clearly de

lineated. For groundwave propagation, the major effects are terrain refrac

tion and diffraction and signal wavefront distortion by terrain irregularities
 

along the propagation path. At VHF, the errors are, in general, the result
 

of scattering by a large variety of reradiators and, as a result, are very
 

random in character exhibiting erratic variation with changes in frequency,
 

azimuth, distance and ground properties.
 

Observational errors refer to those errors which occur at the interface
 

between the bearing display and the operator. Operator proficiency, experi

ence and motivation play a major role. Also, observational errors are highly
 

time and modulation dependent; the longer the observational period, the
 

better the bearing estimation. In general observational errors tend to decrease
 

when augmented display techniques such as long-persistence or storage displays
 

are used. Of course, operator effects are greatly reduced if digital bearing
 

readouts are used.
 

Probability of Intercept. In order for a DF system to perform its func

tion of emitter location, it is necessary that an adequate signal be inter

cepted. A definition of what is meant by "adequate" is subject to wide
 

interpretation and, in fact, depends largely on the performance of the inter

ceptor DF and the signal energy received. For example, many non-averaging
 

DF's require approximately a 6 dB signal-to-noise ratio before a usable angu

lar measurement can be obtained. In contrast, correlation and averaging DF's
 

have demonstrated the capability to work with SNR's as low as -15 dB. In the
 

first instance, a SNR significantly less than 6 dB will result in no usable
 

information while in the latter case, a SNR of -15 dB or greater will not only
 

produce useful data but angular accuracy will be improved by time averaging.
 

The significant difference in "adequate" signal levels can be attributed to
 

the different DF designs and to the exploitation of the signal energy -(signal
 

power times signal duration) for time averaging.
 

Notwithstanding these differences in required signal levels for OF ope

145
 



ration, a useful definition of adequate signal is that level of signal-to

noise ratio which allows the signal to be discriminated from noise and in

terference. In most cases, the discrimination of the signal is on the
 

basis of aural intercept. This definition is consistent with the requirement
 

that the signal be detected before the DF operation (net or single station)
 

can commence. Previous intercept models have used signal intercept SNR's
 

in the range of 0 to 6 DE. For the model applied in this investigation, the
 

criterion of 6 dB SNR was applied. Therefore, the intercept probability in

volves determination of the statistical distribution of SNR at the DF sites
 

and calculation of the probability that the received SNR will be equal to or
 

greater than the minimum intercept level of 6 dB SNR. This, therefore, becomes
 

a worst case analysis when applied to correlation or averaging DF systems.
 

EPE Analysis. The Elliptical Probable Error (EPE) is a performance
 

measure which provides basic data about DF net performance. This performance
 

measure, which is in the form of a contour (generally elliptical) about the
 

most probable emitter location, provides an indication of the ability of the
 

DF system to locate an emitter.
 

The CEP analysis in the performance evaluation model is based on Stans

field's method which requires calculating [45]
 

n sin e. 

= 2 D.2 

3 
2 

3 

n cos e. 
= . J 

2 Dj2 
, and 

n sin 0. cos 6.
 
a.2 D.2 

1In this report and other sources, the term "Circular Error Probable"(CEP) is
 

used interchangeably with EPE. Unless otherwise noted, all results stated
 
deal with ellipses of statistical locational ability.
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where, 

0 o bearing angle of the target from station 5, 
a = standard (angular) deviation of the jth bearing,
J 
 th

D. = distance from j station to the target, and
J
 
n = number of DF sites
 

Next the parameters a and b are determined from
 

2 2 2
 
a b
 

2 4 v 2 
++ V(Xi-) + 

The semi-axes (A and B) of the elliptical contour of equal probability can
 

then be obtained from
 

2 2 
x + - = -2 log U - P)
a2 b2 e 

where P is the total probability that the target will lie within the area
 

bounded by the contour.
 

DF Angular Variance. Aside from geographical parameters, the major
 

parameter required for CEP analysis is the DF angular variance (square of
 

DF standard deviation). This angular variance is composed of three components
 

given by
 

2 = 4i2 + 2 + 2 

where,
 
2
42.= DF instrumental variance,
 
12
 

= 
P2 variance due to propagation effects,
 

Os , variance due to received SNR.
 

The instrumental variance is a measure of the DF accuracy under no limitations
 

other than the basic accuracy of the DF equipment under best case conditions.
 

Frequently, this variance is inappropriately called "DF accuracy" and, if
 

used as such. can lead to abnormally good performance. The propagation
 

variance is a measure of DF inaccuracy caused by propagation factors such as
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multipath, lateral deviation and diffraction paths. Although not necessarily
 

determined by DF design, this error source exists and may place bounds on sys

tem performance. The variance due to received SNR reflects the fact that DF
 

accuracy under operational conditions is dependent on the received signal
 

level relative to noise perturbations.
 

In the performance analysis model, instrumental variance is treated as a
 

variable which can be inserted by the analyst. Variance due to propagation is a
 

function of terrain type and frequency as well as DF design and is handled in
 

the model by selection of values for the particular propagation mode and the
 

terrain type.
 

Variance due to SNR displays a much more complicated dependence and will be
 

unique for each DF and each target point. This uniqueness is due to the exist

ence of a different propagation path from each DF to the emitter point in ques

tion, In addition, the variance will also be a function of observational error.
 

In the performance evaluation model, it was recognized that the received
 

SIR would be subject to statistical variation due to such factors as time
 

variable propogatation loss, terrain variations, noise level variation, etc.
 

Consequently, the DF angular variance due to SNR should assume a statistical
 

distribution. The density function for this distribution is given by
 

p W = fsp(flS)p(S)dS 
where p(41S) is the error density function given the SNR and p(S) is the den

sity function for the SNR. The DF angular variance is then found from 

2 ff 2 p( )d 

For the analysis here, the reasonable assumption was applied that the DF error
 

was normally distributed. In addition, it was assumed that the SNR was uni

formly distributed over a specified region.
 

Application of the above equations along with the stated assumptions
 

results in
 

k44S2°20 e-0 "3 3X°0e e 0 2 3 0 3 -\3 S V-v e-0 2 3 0 3 Sv 1 
% 0 23
 ,O -sv ~ 0.33 / 

4TM 
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where,
 
2 , DF variance due to SNI,
 

% = DF variance at a 6 dB SNR and a single DF scan (T/T = 1),
m 


k = modulation factor (0 < k < 1) to account for reduced signal
 
availability,
 

T/T = number of DF scans while signal is active,
 

S 2m variance of SNR (B 2 )
 v 

X = mean value of SIAR in dB 
0
 

This expression allows the received SNR to be related to the resulting DF an

gular variance. Note that suitable factors are included to account for the
 

effects of multiple DF scans (time averaging), modulation dependence and ob

servation errors. Note also that the DF variance due to SNR will become zero
 

for large values of SNR as it should.
 

The instrumental variance, ,2, and the normalized DF error, 402, must
 

be specified for each particular direction finder. The variance due to pro

pagation will be a function of frequency and terrain type and is given by:
 

VHF (f > 30 MHz)
 
°
 =00
LOS: 


p
 
Non-LOS, 4, = 0' plains; 2" hills; 4' mountains 

The DF error due to VF propogation is based on judgement as well as
 

previous measured results [46].
 

To determine if a particular path is line-of-sight or not, the tests are
 

applied:
 
hlh
 

if 1.33 x 10- 5 fMHz Ib2 > J,
 

or
 
bh
if h I + 2 

if > 0.04ckm' x 1O3 

where hI = DF antenna height (m), and H2 = transmitter antenna height (m). If 

either test is met, LOS is assumed. The first criteria is derived from first 

Fresnel zone clearance and the second test allows high angle line-of-sight
 

paths [47].
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Surface wave is discriminated from skywave by calculating the SNR for
 

both and choosing the path which yields the largest SNR. If the LOS criteria
 

is met, an LOS condition is assumed.
 

SNR vs. System Parameters
 

VHF SNR. VHF SNR (f > 30 MHz) is calculated from the expression, 

SNR - 10 log (Pw x 1,000) + GT + GD 

f 10 hills 

non-LOS 120 + 40 log dk - 20 log 1h2 + 20 log + - hl ains 

LOS [32.4 + 20 log dk + 20 log f1
 

high -94 - 23 log 1 
noise L30j 

medium -105 - log 
noise L 

low - 23 log-122 

noise I'

-10 log Bz 

where, 

Pw = transmitter power (watts), 

f = frequency (MHz), 

= transmitter antenna gain (dB/isotropic),
 

= DF antenna gain (dB/isotropic),
 

di = distance between transmitter and DF site (1m),
 

B = DF receiver bandwidth (kcz)
 

= transmitter antenna height above average terrain (m),
 

=h2 DF antenna height above average terrain (m).
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The constant loss factors which represent terrain effects are based on
 

measured propagation loss data for Ohio hills, Colorado plains and Colorado
 

mountains [48]. Statistical results for these cases were plotted from the
 

raw data and then averaged to obtain a measure of terrain effects. It should
 

be noted that these factors have statistical significance only, i.e., they
 

represent the average effect of many measured cases.
 

Low, medium and high noise factors for VHF and HF bands are based on
 

measured results reported in the literature [49].
 

Notice in the above equation that selection must be made (1) between LOS
 

and non-LOS, (2) between plains, hills or mountains, and (3) between low,
 

medium or high noise. -Since effective antenna height may exceed actual height,
 

it is necessary to use the maximum of either the actual or effective height.
 

In terms of soil characteristics, this selection is made from the following
 

table:
 

Effective Height h in Meters
o 

Soil Vertical Horizontal
 
Characteristics Polarization Polarization
 

Excellent 1220 0
 
= 80, a = 4.0 f
 

Good 305
 
s = 30, a = 0.02 f
 

Poor 122 30.5
 
= c = 4, o 0.001 f f 

f = frequency in MHz 

The VHF SN will have a variance due to noise level and propagation.
 

This variance is given by
 

v2=Lv2 +Nv2
 
S 2 ' +N 
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where,
 

L 2 = propagation loss variance,
v 

and
 
2 

N = noise level variance.
v 

The standard deviations used in the model are
 

N =4 dB
V 

22 dB for LOS
 

10 dB for mountains
 
V 	 8 dB for hills 

6 dB for plains 

The noise variance is based on measured results [49] and the loss variance is
 

based on the propagation data referenced above [48].
 

The intercept probability is defined as the probability that the re

ceived SNR is greater than or equal to 6 dB. Under the assumption of a uni

form distribution whose variance is equal to a Gaussian distribution, the
 

intercept probability is given by
 

0 if X 
0 
+ e < 6 dB 

(I) 1 if X - e > 6 dB 

X + s-6 
02 otherwise 

where, 

X = mean value of SNR (dB),a
 

and
 

g=V S 
=r= 

Structure of the Model
 

The performance evaluation model was implemented in FORTRAN IV on an
 

HP 2100 minicomputer system which includes software for automatic CRT plotting
 

of all major outputs.
 

As an aid for evaluating and generating graphical output, the model
 

includes self-scaling features and scaling parameters. For example, if the
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region of analysis as specified by the analyst does not utilize the full
 

plotting screen, the system will automatically extend the plotting region. In
 

addition, the ellipses of error probability may be scaled by a scaling para

meter. This feature is useful for' resolving plots of closely spaced and
 

overlapping contours. Figure A.1 shows a simplified flow chart of the model.
 

Example of Results
 

An example of results produced by the performance analysis model is shown
 

in Figures A.2, A.3 and A.4. The first sheet as shown in Figure A.2 provides
 

a tabulation of the input numerical data and the resulting output numerical
 

data. The output data consists of the X-Y coordinates of each target point,
 

the axes of the elliptical probability contour, the maximum intercepted SNR,
 

and the maximum probability of intercept. The environmental parameters as

sumed for the problem are also tabulated (time-of-day, season, etc.). Specific
 

IF parameters assumed for the problem are tabulated under "DF SCENARIO" and
 

signal characteristics are tabulated under "TARGET DATA". The data shown
 

in Figure A.2 are automatically listed on a teletype listing device.
 

Figure A.3 is the resulting graphical display of the CEP data. This
 

plot is obtained automatically and directly from a CRT display. The plot is
 

labeled in kIn, and the OF sites are identified by circles and a "cross". The
 

ellipses are centered about the target points and show the 50% contour of
 

radiolocation ability.
 

Figure A.4 is additional graphical data showing the probability of in

tercept. IF sites are shown as before. The size of the "square" about each
 

target point is proportional to the intercept probability. The grid marks at
 

each intercept point are 50% marks. Thus, for 50%'probability of intercept
 

the diagonal of the square will coincide with the target grid mark length.
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Figure A.1 Performance Model Characteristics.
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- -- - -- - - --- - - ---- ---- -- --

DATA TABULATION
 

X Y CEP-A cEp-B MAX SnAX PCI) 

.18 .42 21.38 130
1!.0 .0 


.76 2.26 9.34 6135.0 10 0 

30
8.81 2.29
15.0 15.0 2.21 

4.95 25.32 -2.70 22
15-0 20.0 

NOISE TERRAIN SOIL
TIME 

OF DAY SEASON FACTOR TYPE TYPE 

1200 TR.ANS NED HILLS GOOD 

X? yc,GcXxXX XX 
x x 
y VF SCENARIO x 

x x 
X=XXXX>aX1XXXXXXX
 

NORI INST TIME RCVP. ANT ANT 

X Y ERROR ERROR FACTOR BW HEIGHT CAII! 

iL5-5 .0 10.0 1.0 10.5 10.. 10.0 0 
I5c .r0 10.0 1.0 20.0 10.0 10. 0 .0 

20.0 .0 10.0 1.0 12.0 10.0 io-. .0 

xX TA! GL]T DATA Xx 

)XxxxxXyX-.XXxx xxx 

X-1.ITTUII ANTENNA ANT Awt 

x Y PO'Ea FRFQ POLARlIY HEIGHT GAIN 

" * ,7 - VEnT 11 ) 

2.0 .7. 0 EBT 1.0 2.01b.0 I 0.0 
ii .1 1 ) .1 /1,.fl VERT .1.0 2.0 

Figure A.2 Data Tabulation.
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Figure A.3 CEP Plots.
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Figure A.4 Probability of Intercept Plot.
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