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INTROOUCTION AND SUMMARY

This is volume [!!, OSCAR System Mode! Development, of the final report on
Phase A of the Optical Submarine Communications by Aerospace Relay (QSCAR) program,
performed by GTE Sylvania under Contract Number NC0039-77.C-0100. The mode! has
been developed as a design tool, and 1S used to evaluate performance of alternate
designs, and assess critical! technology.

The adbility to provide a communication link between aerospace relays and
submarines at operating depths would significantly enhance the NAVY's command,
cantrol and communications (CJ) capability, The mos% promising technology for
accomplishing this objective ts optical communications that exploit the bdlue-green
transmission characteristics of seawater,

The Naval flectronics System Command has defined a program for using optical
communticastons for certatn specific NAVY C3 requirements, The program, "Optical
Submarine Communicattons by Rerospace Relay”™ {JSCAR), explores the capability of
optical comunications 0 perform wide srea broadcast *o submerged submarines.
General bdroadcas® traffic, Emergency Action Messages, and Selective Call messages
are specifically addressed dy the OSCAR program,

The three major parts of the JSCAR phase A program are:
1.  Operattng Concept Selection, reported in Volume [,
2. Mode! Development, reporied in this volume,

3,  System Definizton, reported in Volume ]V.*

Volume [, Operating Concept Jefinition, analyzed all the logical concepts for
“eeting the system requirements, and selected one concept for further study. The
selected conceptl uses a radio frequency uplink to satellites at or near synchronous
altitudes, and a dlue-green laser downlink from the satellites to the operational
ares. This selection was based on a top leve! and approximate model relating all
requirements (except system effectiveness) to the system concept(s).

® Yolume | contains an Executive Susmary of the entire program,

1-1




1. (Continyed)

Thts volume presents "he JSCAR system modeling (developed subsequent to the
JOperating Concep: Selectton) for descriding all aspects of the OSCAR performance
f.e., an analytic moce! relating system requirements, the operating environment, and
system design to systen performance. The earlier mode! has deen revised and
espanded to include all the practical aspects of actual system behavior, so that 3
nore precise est!mate of the system performance for 3 given system design is
availadle.

The lagtca! development of a complete OSCAR system model ts shown (n
figure -], while Figure 1-2 shows another view of the three levels of detat!
tavolved, The first step is 3 detafled mode! for the signal ind noise
charactertistics of the optical downlink on a pulse by pulse basts. The second step
's %0 'ncorporate these pulses fn 3 communication message, and treat the downlink
communications and scanning aspects of OSCAR during 8 single %tme ‘nterval. Only
ane portion 2f the ®0%al required coverage area 's tredted at a time since the mode!l
apolies %0 a single satelltte durtng a single 2ime tnterval., The full system
effectiveness !s not included since only the communication “downlink® availability
ts analyred.

BNCLUDES MCOILS POS SIGNAL AND
NOISE MOPAGATION ON A RASE BY
RAE DAL, #OR THE SATALLITE 1O
RBMASING OFNICAL DOWHMRINK .

Figure l-1. Development Procedure for a Full OSCAR Mode!

1-2
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1. (Continyed)

The th:rd step, the Full OSCAR Model, treats all aspects of system behavior
including the uplink, evolving data bases, 2ime varying locations of background
sources, and the complete satellite constellation. The full system effectiveness fis
in¢luded.

This report presents all three steps in the complete OSCAR model: the Single
Pulse Downlink 2ropagation Mode! (SPDPM), the Downlink Communication Model (OCM),
and the Full 0SCAR System Model (FOSM), as well as a Glossary of all symbols used in
these models., (The Glossary is described in Section 2.0.)

A graft of the SPDPM was submitted on July 1, 1978, Extenstive review, by both
NAYY and Soverwnent Contractor personne! over the succeeding eleven months, has led
to some ntnor revistons. The approved version is presented in this report.

Sectton 3 drscusses all aspects of the signal portton of the single pulse
downlink propagation model. The parameters used are shown tn Figure -3, The laser
pulse ortginates on the satellite, propagates through the atmosphere (including
whatever Clouds are present), the air-water interface and the water, and i1s detected
by the sudmarine recelver,

Sectton 4 atscusses all aspects of the nofse portion of the single pulse
downlink propagatton modei. Some poriions of the background light (sunlight,
aponlight) traverse a path like that of the signal (alzhough usually at a different
zenith angle}, while other portions of 1t (Dlue sky-light and star-light,/zodtacal
tight) do not arise ‘rom single potnt-like sources, and must be treated
differently, The bioluminescent 11ght originates fram sources {n the water itself,
and so the atmospheric conditions have no direct effecls on its properties,

Sectiions 3 and & are orqgantized in the same manner. First the method of
approach used in the models ts discussed, and then a detailed flow chart showing the
tnteractions between all the equations 1s fllustrated. (A top level schematic of
these flow charts 1s shown in Figure 1-4). The second subsection defines and
giscusses all the input information needed to perform the calculations. The third
subsection (2.3 and 4.3 respectively) contains the derivatfons and justifications of
all the equations used. These equations and derivations are organized in a discrete
nodular fashion, so that future revision (e.g., cloud and water models) may de made
tn an efficient and 1nexpensive manner.
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1. (Continued)

Section 4.4 presents the computer program for the complete Single Pulse
Downlink Propagation Model.

Both Sections 3 and 4 conclude with a discussion of the uncertainties in the
present sub-models, and the values of the parameters entering into these sub-
models. Key uncertainties fnclude the cloud and water propagatton models, and the
strength and temporal characteristics of the bioluminescent background.

The Downlink Communication Mode! (DCM) is derived in Section S, [° considers
the prodlem of communicating one message to a given area during a single time
interval while the satellite, sun and moon are each at 8 single known location, and
the environment is specified for all the necessary propagation paths. It includes
the effects of laser warm-yp time, interframe dead time, time to scan to a new spot,
and spot overlap during the scan. [t allows for system design choices of modulation
format (the number of dits per pulse), demodulation format (threshold or time-of-
peak), post detection processing format for anti-jam protection (if time of peak
demodulation is chosen), and scanning approach (non-adapt ve, adaptive for assumed
thick cloud zenith angle effects, and fully adaptive).

The mode! outputs include the downlink avatlability,® and the number of pulses
used to achieve this availadility, both during a single time interval. In addition,
the satelltte prime power and the number of jamming and spoofing events per year jsre
derived.

Section 5 fs organized fn the same manner as Section 3 and 4, The method of
approach used 1s first descrided, and then a detailed flow chart showing the
interactions dbetween the equations and design decisions ts shown, Figure l-5 is a
top-level schematic of this flow chart. (The SPOPM {s uttlized within the
availability block.) The second sub-section defines and discusses all the fnput
information needed to perform the calculations and the third subsection presents
detailed derivations of all the DCM sub-models.

Section 5.4 presents the computer program for the complete Downlink
Communicat ion Model.

® [n this context, downlink availability 1s defined as thet fraction of the

allocated area to which the message can be successfully transmitted within the
required time interval.
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l. (Continued)

Sectton 5 concludes with a discussfon of the uncertainties in the sub-models
used, and the valies of the parameters entering into these sub-models. There are
negligible uncertainties tn the models, and the key irea of uncertainty involves the
values of the cloud parameters which apply during a single %ime interval,

The architecture for the Full OSCAR System Model (FOSM) {s derived in
Sectfon 6. [t considers the prodlem of communicating three types of messages to the
complete required coverage area over a long time (normally, one year). Therefore,
the tine evolution of the environmental inputs is included, all requirements are
treated (including system nffectiveness), and the complete system design is used
including the ground stations, the uplink, and the fyll satellite constellation.

The model outputs the system effectiveness for a given system design, wish F
enough intermediate steps to indicate those aspects of system design whizh are
driving the system performance.
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l. (Continyed)

Section 6 is organized in the same manner as Sections 3, 4, and 5. The method
of approach is first described, and then a flow chart showing the interactions
between the mode!s and design decisions is shown. Figure 1-6 is a top-level
schematic of this flow chart. (The DCM is utilized within the “Downlink
Performance, Single Time Interval® block.) The second sub-section defines and
discusses all the input information needed to perform the calculations and the third
sub-section presents detailed derivations of all the FOSM submodels.

Section 6.4 presents our approach toward inplementations of the FOSM. The
architecture is completed (as called for in the Statement of Work) and this section
discusses the exemplary results to be derived with this architecture,

The section concludes with a discusston of the uncertainties in the analysis,
and the values of the parameters entering into the FOSM, The analysis {s uncertain,
and may be revised !n the future, in the areas of system effectiveness formulatton,
and remote sensor performance. The parameters for the cloud and water data bases
are uncertain in both their magnttude, their speciral correlation and their temporal
evoluttion, and should undergo future revision.

Yolume [V uses these models to define an 0SCAR system able to meet the full
requiremetns, for the environment as presently charactertzed.

INPUTS CTve Nag
INTERVAL
DOWNL INK RS TS
INVIC N T PERICRMANC L ————
T te
INTEVALS 4
” SYITEm SYSTEm
‘ O ’!"'3;‘”&! - mm:;m
- [P <ve M
dy ! 1 revas LITTIVE

Figure 1-6. Schematic of Full QSCAR System Mode!
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Section 2
> GLOSSARY
This section defines a1] the English and Greek symbols used in the modeis devel-
.. oped in Sections 3, 4, 5 and 6. The English symbols are listed alphabetically in
[ Subsection 2.1 arnd the Greek symbols are listed alphabetically in Subsection 2.2.
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i 2.1 ENGLISH SYMBOLS

a = semi-major axis

AcL = crosslink avetlability

Ao downlink availadility

Ag = energy to instantaneous power normalization parameter

Ags © ground station availabiliﬁy

Ay = single satellite/single time intervg! coverage area responsibility
Agct = area of rectangle within the ellipse

i ARCthHXN » mintmum yseful spot area tn { J resolution element for elliptical

ARE ® area of an environmental resolution element
AREU = area of (] resolution clerent
Agar ® satellite avatlabtlicy

Acg = submarine receiver availability

ASC = ared of useful coverage within the spot, for square in circle pattern
ASCiJ » ysefyl spot area in {j resolution element

ASCHXN * nintmym useful spot area

Agp = area of illuminated spot, to exp-2 frradiance points

AUL = yplink avaflability

AUNVL = system unavailability based on area for which FOM {j <l

Ayp = area-based system availability

b = effective clear atmosphere optical thickness
8 = electrical detection bandwidth

88 = § of bits to be ransferred on the backlink
Be = # of bits to be transferred on the crosslink

BOPT = receiver optical filter bandpass

2-2




[PERL X RIS Y S V)
—-_itena - mn

2.1 (Continued)

BU » § of Di%s t0 be transferred on the uplink

¢ = speed of light

Cs = fraction of sea-surface covered by foam and streaks

d « diameter of receivef aperture

J = receiver depth

OCM = downlink communication mode!

DG s ground station RF antenna diameter
0, = thickness of 1'th water layer
DOCiJ « mean ocean depth of 1j'th ERE
D¢ = satellite RF antenna diameter

OS? a giameter of 1lluminated spot atop water, %0 exp-2 irradiance points

DSPH!N = mintnum spot d'ameter

DSQ = edge length of square inscribed within the illuminated circular spot

e = charge on the electron

= eccentric anamoly

(441

€, = exponential fntegral

Egg (SYST) = system effectiveness

£p ® transmitier energy per pulse per termina)
Eprgr * total transmitter energy per pulse

ER = total received energy per pulse

ERE = environmental! resolution element

Eqp * RF energy per message bit

axp = exponential
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2.1 {Continued)

f = amplifier noise figure

£ (;0, "R) = fraction of i1acident radiance within receiver field of view

f' {:9s gs tg,) = fraction of incident radiance within receiver field of A J
view

fa « atmospheric contribution to received beam radiance

fc" = 3ir-water interface contribution to received beam half-angle

f, = "wall-plug” source efficiency

wagj = figure of merit for the i1j resolution element, which is the ratio of
the achteved signal to nofse ratio to the reqairéd signal to noise
ratio

Frm . = smallest FOM, , for ‘opte50, throughout the coverage area
-

A
L

f’2) = received pulse shape i

f, * water contributfon to rece!ved beam half-angle

fe1 ® contridution of i'th water layer to received bcam\ﬁi1f angle
~

A

g = "cost”™ of jam/spoof system, relative to OSUAR

[

= detec”‘nn gain

Gas = receiver azimyth pointisg angle, relative to local longitude
A‘, ’

3421f » recetver 3zimuth pointing angle in the 1; resolution element
=l

G‘L * recetver zenith pointing angle i

OgL ¢ = recelver zenith pointing angle in the 1§ resolution element

Gq « 8F antenns gain

H = distance from cloud dase to water surface

h = energy per signal photon

f = tnclination angle

= peak signal current

--e

2-4




D sYwaaA

(PR ¥ TN W]
“mittes . . anm

2.1 [(Continued)

:C,J e fract:on of 1)'th ERE which s covered by ice
lg ® dark current at the photo-cathode

. = RMS notse curren?

n
Xt s thresholg current

1 %) = water radiance distribytion

J » number of water layers present from surface %o submarine receiver

J = jammer nolse sower

k = d:4f ce attenyation coeffictent of *he water

K, ® d1ffyse attenuatton coefficient of 1'th water layer

bt e pmd e omn o BB B =B

{kt) = therma! notse energy = (Boltzmann's constant} x [absolute temperature)

i = nymber of bitls er pulse

Lg ® clear sky exo-atmosrheric effective radtance due o bdlue skylight

- - lg spectFal trradiance at recetver aperture due %0 bidluminescence
- tgg * spectral radtance a% recefver aperture due to bdlue skylight
-~ 1

Ly * exo-atmospheric effective 'unar radiance

L!U * spectral ragiance a4t receiver aperture due to the moon
Lg = exo-atmospheric effective solar radtance

Loy * spectral radiance 4t recetver aperiure due %0 the sun

L7 = clear sky exo-atmospheric effective radiance due to stellar and zodiacal
light

Lzg * spectral radiance at recetver gperture due to stellar and zodfacal light

m = number 0f sources or terminals per satellite

MARG = System marg!n ysed to compensate for unmodelled nofse sources.

Mg = RF margin on the backlink
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2.1 {Continyed)

Y. * RF margin on the crosslink

“y = Message length to de deltlvered, system requirement
M = Total message length,

"LJ e Message length to be delivered, system regu!rement
Yy * Overhead b1t 3dded 22 each message

NTSFC e Mgan time detween environmental condilions which are sufficient %o .
cause an outage

“'BFSUB a Mean %ime Detween fatlyre .
MTTR. » Mean ttme for outage-caustng condftfon to clear B
"""RSUS e Magn time %0 repalr

%, « RF marq‘n on the uyplink

n e 4ater index 0f refraction
"CC - Yumber of crosslinks used tn the entire system ‘

NE’B = Motse equivalent ortical power Jue to shol-notse generated by the
back jround

%CDOC * Noi‘se equivsalent opt-ca' power due 0 photo-detectoar dark current

NE”wy, = Mo'se equivalent optical power due to thermal or amplifier nofse

NEPoq = No'se equ'valent optical power due %0 shot-nofse generated by ‘he
signal

NEPpy: = Total notse equivalent optical power due to all sources

NE2rpry * Total nofse equivalent optical power fn the {j resolution element

"; * Number of jammed messages per year per boat, single pulse processing

Vj = Number of jammed messages per year per boat, two pulse processing

Neg o Allowed number of jamming messages per year per boat, system requirement

Ny ® ‘lunber of missed messages per year per boat, System requirement

Vo * Vofse power per hertz density at the recetver

o ad dd dewd  beed b
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¥p * Total number of pulses used o communicate to the aresa

Mgy ® Number of stgnal pulses recetved in T,

sp"s! s Nurder of jam/spoof pulses received in T,

Ngp = Number of spoofed messages per year per boat

‘S?! e Allowed number of spoofed messages per year per boat, system requirement
‘SRE e Number of spots within a resolution element

‘S?E' e Number of spots in the t) resaluytion elemen?

4
Vopewax ® Maximum number of spots withtin s resolution element

NfJTR{ e Yymdber 0f resolution elements within the area of responsibility

Nryrep © Total number of spots within this coverage area

procd e ey S OEN BED AP e =

Neqegpupgg © Maxtmun number of spots required to cover the ares of
responsibility

P. e Probadtlity of a lam/spoof pulse occuring in any time slot
P4y ® Average power of a single termingl
Pgq * Average optical power at recefver due o0 the biue sky
- gL * Average optical power at recetver due to dbioluminescence
°¢ = 312 error probabtlfty
DEW » Denalty 2ime for & link oytage
P¢ = Probadtlity that a stngle threat pulse occurs in an unoccupied slot
Pag = Probabtlity that two threst pulses occur in a given frame
pFS = Probability of false signature, in time-of-peak demodulation

Pea = Single Pulse probability of 2 false alarm

Pag ® Prime power on the satellite required for all non-laser functions
P, ®= Jamming probadility, single pulse processing

Py @ Jamming prodability for two pulse processing

l 93 = Ground station transmitter power




e b e S RER A
L 2d L0 WY

2.1 (Continyed)

?MU s Average optical power at recetver due to "he moon

Piy ® Probadbility of at least one extrs pulse occurring in the M /i frames

{?JGJ) = tffective radrated Jamme~ power é
Pe ® Total prime power (fn the satellite) required to sustain the laser sources
Py ® Probadility of 2 missed message

Py ® Probadility of a noise spike within one of 2 -1 slots

PPM o Pylse position modulatton

5R = Peak recetved signal power

PRF = Pylse repetition fregquency of the transmitter

5R1; = Desk recetved o0ptica) power in the ') resolution element

Pa(2) = Instartaneous recetved signal jower

QS e Satellite transmitter power é
Psp * Spoof prodability

Pg.r ® Average optical Dower at rece!vser due 0 the sun

9?07 e Total prime-power capabi!itly required on the satellite

P, e Average optical power at receiver due %0 stellar and zodiacal light

3 = 2arameter describing abtli%y of satellite transmitter to correct for
zentth angle spot spreading. 0 < g ¢ ! ]

? » Rnge from satellite tc submarine

Rc = Mean earth radius

Rgy @ nge from jammer t0 the ground station

Rgs ® ange from ground statton to the satellite

Q,j = Range from satellite to boat located at 1, fj
Qs;nA! s Maximum range within the assigned coverage ares

@;5 = Distance from jammer to satellite

2-8
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RL s Load resistance

Ryyy ® Moon altitude

Rg = Satellite altitude

Re @ Rate of change of sateli¢ce altitude
Rgy © Dtistance between 2 satellites

Rgy ® Sun altitude

R(;s) = Sea-surface reflectance

s = water scattering coefficient
$, * scattering coeffictent of 1'th water layer

SPOPM s Stingle pulse downlink propagatfon model
2} o s
q) ° tgna' %o notse ratto

g) s " S1gnal to noise ratio achieved in the 1y resolution element
4

‘S‘) REY * Required signal to nofse ratto, throughout the coverage area

Spe * RF signal power at the receiver

Sy * Parameter describing area allocated

t = time
T » geametrical thickness of the cloud

Ta * time allowed to cover the allorated ares, system requirement
tARy ® ddjacent spot revisit time

te = dead time between frames

tyy ® time to cover the 1 resolution element

th ® time after pulse start at which peak value occurs

TNR e threshold to nofse ratio
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2.1 (Continued)

Tyy ® Total source on time for 3 single coverage time

Yo.t = time to cover resolution element for which T,,oy changes from <T, to >T,

Toapy © time to cover the resolution elements with FOM;; > 1, from largest
FOM to smallest

ty ® Slot width

t,, ® dead time betwee: messages, or time to scan to 2 new spot and to develop

the appropriaste deam width

$i

Ty © Time devoted to each spot, 1ncluding slewing time

YYO?  timg required %o cover the allocated area
Tegr way © “aximun t1me required to ‘lluminate the total allocated ares
T ® source Lurn=on/warn=-yp Lime

S pulse width due %0 cloud portion of ‘he path

ity ® Pulse width due to cloud %0 water porifon of the path

ity . oulse width due %0 water portion of ‘he path

t » 2ime of day at Greenwich (J° longitude) (Sect. 6.3)

Tay ® time over which availabilities are aversged 1n order to obtatn Ege (SYST)
tg * t'me allowed to complete back!tink

te * time allowed to complete crossiink

tao * “1me after full moon

thn * time afler sunset

Torg " Period of the orbdit '
:p e time when perigee of the ordit was traversed

t, * Time allowed to complete uplink

"EARTH e farth noise temperature

TECHp g = technology figure of merit
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ey ey Ol

YRAIN s r3in noise temperature

g

TRECEIVER ° Recetfver nofse temperature

‘ P

Tgun ® sun noise temperature

.. ¥ = Surface wind speed

Vy ® Maximum submarine velocity during communication time, system requirement

w = Number of additiona] pulses added to message to meet quality of service
requirements of ime-of-pcak demodulation approach J

W s Extent of spread spectrum

Xp ® receiver coordinate in earth-centered system
Ky ® lunar coordinate tn earth-centered System
IS e satellite coordinate in earth-centered system

Xgy solar coordinate in earth centered system

Y- = recelver coordinate in earth-centered system
Yoy * lunar coordinate in earth-centered system
Yo ® satellite coordinate in earth-centered system

Yoy ® solar coordinate in earth-centered system

lg = receiver coordinate in earth-centered system
Zw = lunar coordinate in earth-centered system
ig ® satellite coordinate in earth-centered system

gy = soler coordinate fn earth-centered system
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2.2 GREEK SYMBOLS

The Greek symbols are listed in order according to the Greek alphabet: ., 2,

Yo 8§, €. AL T T O Ay We Ve ::o O Mo £ T T Ve @0 X ¥e .

3 JA' = latitude of & point within the coverage Jarea
igs * latitude of ground station
a¢ » mean latitude value for all i resolution elements

ag» latitude of jammer

amy ® lunar latitude

3 s phase of the moon

e
1g " satellite latitude i

gy ® solar latttyde
] 1o * latitude of submarine receiver

£ - = rate of change of satellite latitude

A, ® longitude of a point within the coverage area
‘g " longitude of ground statton

i, » mean longttude value for all j resolution elements

[ 8

¢y = longitude of jammer
iy ® lunar longitude

i o ® lunar longitude at sunset of a given day

ig® satellfte longitude
ey * solar longitude
$ ¢ ® rate of change of satellite longitude

oy * longitude of submarine receiver

‘ "1 ® transmitter optics transmission

'q = receiver optics transmission
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2.2 (Continued)

¢ = offset angle between receiver optical axis and axis of the incoming light
grij * In water angle between receiver axis and effective blue-sky direction
R " in water angle between receiver axis and lunar direction
{gRij ® in wiater angle between receiver axis and signal direction
Sgurij ® n water angle between receiver axis and solar direction

‘ZRiy " in water angle between receiver axis and zodiacal/starlight direction

¢ - = spot overlap factor

te ® eccentricity of (orbital} ellipse

°te " ground station RF antenna efficiency

N satellite RF antenna effictency

2 = cloud particle mean scattering angle
<Cos 9> « mean costine of the fn-cloud scattering angle
3; 0 ® Full anglie exp {-2) transmitter beamwidth
ay ™ half-angle additional signal beam divergence due to wave action
égl *=  Mean square single scattering angle in water

3

s

y ot Mean square single scattering angle in water for{'th water layer

“‘a " Half angle of the receiver field of view

;;:3 » rms half-angle air-water interface fnduced spread for the sunlight

i'aw T rms half-angle air-water interface induced spread for the moonlight
/2 " Half the angle subtended by the sun
‘w2 " Half the angle subtended by the moon
;ézu * rms half-angle afr-water interface induced spread for the Dlue sky iight

La¢, = rms half-angle air-water interface induced spread for the
stellar/zodiacal light
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2.2 {(Continued)

stqin ® Minimum transmitter beam divergence
=1g ® RMS short term satellite pointing jitter
“top ® RMS long term satellite pointing drift

Ty ® Minimum transmitter beam divergence from all constraints

T2 * Transmitter beam divergence for tempora! avaitlability in non-adaptive

scan

*Tyy Initial transmitter beam divergence to ij resolution element for

partially adaptive scan, or final beam divergence in fully adaptive scan

T2ty ° Transmitter beam divergence for temporal avatlability in partially

adaptive scan

*SLEW

= Angle between 2 points on the earth's surface, viewed from a satellite

*g * Zenith angle from tnertially orfented satellite to a point on the earth's

surface
;S = Rate of change of *g

‘ga * Azimuth angle from inertially oriented satellite to a point on the
earth's surface

éSA » Rate of change of #¢,

+ = Optical wavelength
i+ = davelength shife
Srury ® Maxtmum useful bandwidth of optical filter

‘g * Wavelength of RF link

v (")- Optical Doppler shift for satellite to earth path

‘o

—
53

)S = Doppler shift Detween 2 satellites

J

3 ‘¢ ® mean extinction coefficient of the cloud
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(Continued)

IR

T, " Signal clear atmospheric energy transmission

. Signal cloud energy transmission

‘op1 ° Optical thickness of the cloud

‘ew Signal cloud to water energy transmission

-4

o Signal total energy transmission of air-water interface

Tawl " Signal air-water interface energy transmission due to the index of

refraction discontinuity

2, = Signal air-water interface energy transmission due to foam anc streaks
on the sea surface

- = Signal water energy transmission

: ' = Background clear atmospheric energy transmission

s (Cloud energy transmission of the direct sunlight
Tem " Cloud energy transmission of the direct moonlight

:*.. » C(loud energy transmission of the blue skylight

-}

t.z' = C(Cloud energy transmission of the stellar and zodiacal light

TCH' = Background cloud to water energy transmission

TAH' » Total background energy transmission of the air-water interface

’AHI' « Background air-water interface transmission due to index of
refraction discontinutty

‘AHZ. = Background air-water interface transmission due to foam and

' streaks on the sea surface

’AHIS. Solar air-water interface transmission due to index of refraction
discontinutfty

TAuI"' s Lunar air-water interface transmission due to index of refraction
discontinuity

TANIB' * Blue-skylignt air-water interface transmission due to index

of refraction discontinuity
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’AH!Z. = Stellar and zodi1acal light air-water interface transmission due to

index of refraction discontinuity

T 4Sy © Solar water energy transmission

‘uuu. s Lunar water energy transmission

’HB' » Blue sky water energy transmission

'HZ‘ = Stellar and zodiacal 1ight water enerqy transmission
TRAIN ® RF rain attenuation factor

*RADOME ° RF radome attenuation factor

ig ® Signal in-air zentth angle

:S“ = Stgnal in-water 2enith angle

$q = Off-axts angle at which in-water radiance goes to zero
iq/2 * Half-power angle of the recetved signal deam radiance
$5y = Solar tn-atr zentth angle

Say ® Lunar fn-air zeaith angle

24 . Angle measured from the axis, or principa) ray direction, of the in-water

signal radfance

gy = Solar in-water zentth angle

’HU“ s Lynar in-water zenith angle

3gys ® Signal zenith angle to 1j resolution element
-

tgyyy = Solar zenith angle to 1j resolution element

‘wyij ® Lunar zenith angle to 1§ resolution element

isaty Signal azimuth angle relative to local longitude in {j resolution

element

SSuAty ® Solar azimuth angle relative to local lqngitude in 1§ resolution
el ement
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2.2 (Continyed)

YMyai; = Lunar azimuth angle relative to local longftude in {j resolution
element

W
Py * Signal in-water zenith angle to ij resolution element
: Su:g s Solar tn-water 'enith angle to ij resolution element

=~u:3 = Lunar in-water zenith angle 20 {j resolution element
QS = Rate of change of zenith angle

:ga " Azimuth angle

b4 ;SA = Rate of changes of azimuyth angle

igLgy " Angle between 2 satellites viewed from the earth

“SLEW * Angle between a satellite and a point on the earth's surface, viewed
from another satellite

* Arqument of perigee

Q

.+ = Atght ascension of ascending mode
-0 ® Cloud particle single scatter albedo
~g @ Full soltd angle containing the !ncoming fn-water radiance

“0R ® Rotational rate of the earth

~q * s0lid angle of the receiver




L D 1T R S Tt

Pl N W0 Oy e Wl e ey P P ey e peew ) U OEE BEN WD

3D syumnaa

(Y N
PETEE T W

This section discusses the mode! for the optical propagation of a single signal
pulse from a satellite to a submerged submarine.
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Section 3

SINGLE PULSE DOWNLINK PROPAGATION MODEL - SIGNAL

Mode! Pnilosophy and Flow Chart

1.1
1.2

Philosophy of Approach
Model Flow Chart

Input for Signal Calculation

<
.3

1
4
.5
.6
7

Source

Clear Atmosphere
Cloud

Cloud to water
Air/Water Interface
Water

Recesiver

Sub-Models

A

L
TR PV R ]

[ O e Y Y N N W WL~ I vy
O~ O Wi

Clear Atmospheric Transmission - Signal
Cicud fnergy Transmission - Signal

Cloud to water Enerqgy Transmission
Air-Water Interface Transmission - Signal
Afr-Mater Angular Effects - Signal
Relative Surface Foam Coverage

Water Enerqy Transmission - Signal

water Distribution of Radtance - Signal
Receiver Pulse Width/Shape

.10 Overail Stgnal fguations

Model Uncertainties

4.1
4.2

tnergy Transmission
Angular Effects

Parameter Value uUncertainties

.1

U W

.3

Cloud
Air-Water Interface
Water

3-1

The section is organized as follows:
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3.1 MOOEL PHILOSOPHY AND FLOW CHART

This section describes the basic approach used to generate the detailed single
pulse downlink propagation model and presents a flow chart showing the interrela-
tionships of the sub-models and their required inputs.

3.1.1 Philosophy of Approach

The model:

(1} 1Is organized in a modular fashion, so that the effect of each portion of
the path is evident, In addition, as further experiments and analyses
are undertaken, pieces of the model may be upgraded without requiring
extensive modificasion of the total modei,

(2) Considers the following three properties of the signal, and separately
models the eftects of the propagation path on each:

(a) The energy transmission from the satellite transmitter to the submer-
ged submarine receiver,

(b} The distridution of the signal radiance at the submarine receiver;
{c} The pulse shape and width at the sudbmarine receiver,

These three properties i-e¢ then combined to yield the instantaneous
received ootical power at the surface of the photodetector.

{3} Does not sttempt to treat all possidle cloud conditions. Rather, s bresk
point ts estadlished at a ainimum optical thickness of 10. Below that
value one set of sub-models s assumed to apply, while above it & differ-
ent set applies, In many cases these sub-models do not correspond at

Topt ® optical thickness = 12, and so the overall model should only be
used for Tgope <1J and Tope >>10. (Future analysis and experiments on
the "multiple-forward scattering” region should enadble the sub-maodels to
be upgraded, and this inconsistency removed.!

(8) Assumes aporopriate simple analytic forms for at-present unknown func-
tions such as the radiance distribution, and puylse shape and width. This
enables us to present analytic results (except for the receiver gxfs off-
set from the beam axts of the incident radiance), which are an aid to a
ohysical understanding of the overall propagation problem.
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J.1.2 Model Flow Chart
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A schematic of the overall single pulse signal downlink propagation model is
presented in Figure 3-]1. Given the input parameters, the pulse width and shape and
the anqular and ragiance distribytion are derived. Then using the angular and rad-
fance distribution and the input data the energy transmission of the path is calcu-
lated. Finally given the enerqgy transmission and the received pulse shape, the
signal (instantaneous received power) is calculated.

g

Figure J-Z is a detailed flow diagram showing the calculations that must
ocCur to arrive at the required output.

(1} The input parameters are listed in the seven ellipses on the left hand side
of the fiqure, including source, clear atmosphere, cloud, cloud to water,
air/water interface, water and receiver parameters. (The symbols are
defined in the glossary in Section 2, and also in the input discussion
in Section 3.2).

. The calculation equations are represented by the rectangular boxes.
Within each box 1s the symbol for the parameter to be calculated and
the equation number (from Section 3.3) for the equation to be used to
calculate the parameter. The first quantity calculated is the cloud
optical thickness, Tgpre since this determines the equations to be used
to calculate many other parameters. Whenever // appears in a rectangular

box, the equation number preceding it refers to TopT 10, while the
equation number following it refers to TPt 10. Hence, given the
valye of TepT the rest of the models to de used are specifically
jetermined.

-
—~—

The second set of caiculations performed are of three types:

2] Path transmission, including Tat Tt Tew® Taw and T

t

i, Pulse width and shape, including Stoe Lt Lt,oand t,
(¢, Angular and radtance ‘distribution, including fA‘ fAH' fH' ¢, and

f - o £),

3-3
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3.1.2 (Continueq)
(v)

The patn transmission, anqular and radiance distribution, source and
receiver parameters are then used to calculate the received energy, £

R’
The received enerqy and puise width and shape are used to calculate the
instantaneous received power PRU.).

(v)

The developed computer program is included with that for the noise sources, and
presented tn Sectic

I ARL V¥ ag o
— e el ANGULAR AND C.MmAL
WCUCY SLIAR ATC Il Yy (YN VY 4 TIGNAL
LSLO TLSL0 °C MaAlD ANETRWNC ™ CLATIC M
AR "#ATHR; «ATHR IKIVER
mALL MO -
AND 30APY

Figure 31, Schematic of Signal Single-Pulse Downlink Propagation Model
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3.2.3 Clcud

The required parameters are:

212921 Description

Geometric or physical thickness of the cloud

’c Average extinction coefficient of the cloud

q A parameter describing the ability of the satellite trans-
mitter to correct for the geometric zenith angle spreading

t-- o=w omw O GE OB

of the spot. Q » 0 implies the spot remains the same area
independent of zenti®h angle, while q = ! means the spot
grows naturally with zenith angle. Hence 0 - q « 1.

<cos '~ The average value of the cosine of the scattering angle
for single scattering within the cloud :

in-air transmitter tenith angle

<»

. The single scattering aibedo of the cloud particles, or,
the ratio of the probability of scattering to the probability
cf extinction focr a single scattering event,

The average angle for single scattering within the clcud

1.2.4 Cloud to Water

The reguired parameters are:

Syrdel Description
H Jtstance from Cloud Base to wWater Surface
. a Rar ;e from the satellite transmitter to the submarine
receiver
. e Full angle beam divergence to the e'2 irradiance points of

transritted deam

units

Meters

(Meters)'1

Radians

Radians

Units

Meters

Meters

Radfans

L o e e e~ ——

e A MO & < a1 T e
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3.2.5 Air/Water [nterface

The required parameters are:

Symbol Description
b In-air transmitter zenith angle
v Surface wind spexd
n Water index of refraction

3.2.6 Mater

The rejuired parameters are:

Symbol

n

0

Description

Diffuse attenuation coefficient of the {'th water layer
Thickness of the i'th water layer

In-water transmitter zenith angle

Root-mean-square angle for a single scattering event

in the water

Scattering coefficient for the entire water path

Water index of refraction

Jepth of the submarine recefver

3.2.7 Recetver

The required parameters are:

Symbo
-
‘R

Description

Half-angle cf the receiver {eld of view

0ff-set angle between the in-water signal beam axis
and the receiver optical axis

Jepth of the submarine recefver
Transmigssion of the receiver ootigal chain

Diameter of the receiver optical aperture

3-8

Units

Radians
Meters/Second

Units

(Neters)’l
Meters

Radians

Radians

("leter's)'1

Meters

Units

Radians

Radians

Meters

Meters
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AND LADIA*KCT DISTHIBUTION

Figure 3-2. Flow Diagram of Single Pulse
Downlink Propagation Model

2 (Signal)
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3.2 INPUT FOR SIGMAL CALCULAT]ON

This section discusses the form of the required fnputs to the signal single

pulse downlink propagation model, in terms of the seven categories:

atmosphere, cloud, cloud to water, air/water interface, water and receiver.

3.2.1 Source

The required source parameters are:

Symbol Description
q A parameter describing the ability of the satellite trans-

mitter to correct for the geometric zenith angle spreading
of the spot. q = 0 implies the spot remains the same area,
independent of zenith angle, while q = 1 means the spot
grows naturally with zenith angle. Hence 0 «~ q < 1.

Ep tnerqgy per pulse of the transmitter laser.

Yy Transmission of the transmitter optical chain.

R Range from the satellite transmitter to the submarine
receiver.

8 full angle beam divergence to the e ? frradiance points

of the transmitter beam.

3.2.2 (lear Atmosphere

The required parameters are:

223558 Description

b Effective clear atmosphere optical thickness such
that for a 70%-zenith transmission, b = 0,357

¢ [n-air transmitter zenith angle

source, clear

Units ' ]

Joules

Meters

Radians

Units

Radians
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3.3 SUB-MOOELS

This section develops all the equations used in the calculation of the
instantaneous received signal power.

Sections 3.3.1, 3.3.2, 3.3.3, 3.3.4, 3.3.6 and 1.3.7 consider the path
transmission of the energy.

Sections 3.3.5 and 3.3.8 consider the angular effects and the distribution
of the received radiance.

Section 3.3.9 considers the received pulse shape and width.

In each of these sections, after the equations are developed they are
evaluated for typical cases in both tables and figures,

Section 3.3.10 combines the previous results to obtain the received energy
and the optical signal power.

A S
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3.3.1 Clear Atmospheric Transmission - Signal

In the absence of any clouds or aerosols, the clear atmospheric transmission is

described by the term Ty Using the approximate AFCRL model‘. the signal zenith

angle dependence is given by:

Ty * exp - (b sec 0. )s | (3-1)

for " signal clear atmospheric transmission
b = effective clear atmospheric optical thickness
g ° signal zenith anyle,

The typical value of b 1is determined from:

N (:s = 0) = 0.7 = exp (-b).

or
b = 0.357.

Table 3-1 and Agure 3-3 show the values of T, 880 function of signal
zenith angle.

References for Section 3.3.1

1. R.A. McClatchey, R.W. fenn, J.E.A. Seldby, F. E. Wiz and J. S. Garing “Optical
Properties of the Atmosphere (Revised)” A RRL-71-0279, 10 May i971.
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Table 3-1. Typical Clear Atmospheric Transmission (b=0.357)
3¢ Signal Zenith Angle (degrees) Ty» Clear Atmospheric Transmission 4
0 0.7
10 0.7 1
_ 20 0.68
: 30 0.66
40 0.63
f 50 0.57
.. ; 60 0.49
i 70 0.3%
t
B 80 0.13
. | !
J.r <
e . ‘
! .
: § 4
] A co " EXP - BSEC 1 ., B 0,35
3 oo ! 1
3 N
N
g sa b
i |
: 1 k»
- § a.zfr
.0
g g
D o- )
3085 1 18 X 3 0 33 & 48 P 5 0 e O S 0 e
SIGNAL ZENITH ANGLE = ¢ |
Aaqure 3-3. Typical Clear Atmospheric Transmission (b = 0.357)




3.3.2 C(Cloud Energy Transmission-Signal

Insofar as they affect optical propagation, clouds may be categorized as
negligible to very thin, thin, and thick. There are no verified experimental

resylts that treat any one Of these three regimes. Since we are discussing an ]
energy transmission here, and most analyses and partial experiments are in terms of
the transmitted irradiance (energy per second per area), then there are few analytic j

express fons for the cloud enerqgy transmission.

Our decision is to treat only two regimes - thick clouds and nearly clear
weather. Ne do this with the understanding that evaluating the mocel near the
transition point will yield results that are incorrect in principle, and so only
for small and large optical thickness (defined below) snould the overall model
be expected to apply. -1

We propose 10 adopt the multiple-scattering Monte-Carlo derived diffusion-like

expression of Bucner1 and van der Hulstz for thick clougs, $O that at zenith, and e )

negleczing in-cloud apbsorption: -1
R 1.69 -
ot Tgpe Ll-scos +vj 182 (3-2)

for " Signal energy transmission through the cloud

Tgpr * Optical thickness of the cioud ]

-C0s 2> = Mean cosine of the scattering angle.

The optical thickness of the cloud, for a homogeneous cloud, is given Dy: -
Toor T e } (3-3) -

‘or

T = geometrical thickness of the cloud.
and :. * mean extinction coefficient of the cloud.

For a typical example, for a strato-cumulus cloud, we might have T = 1200m

and 2+ ). 04 n ! 5o “opt " 48. For such a dense cloud, -cos <> - G.83 {3 = 34°;

ang so




D R TR oy T 2ot

ooy oumg) Gl EEHE T e .

G M e

IR v e AN 38 AR

NACTENEE eIt SAER
L a1 . ]

3.3.2 (Continued)

‘o " wmT-oEy vrar 018

The zenith cloud energy transmission as a function of optical thickness is

presented in Table 3-2 and Figure 3-4 for .cos #> = (.83

Table 3-2. Typical "Thick" Cloud Zenith Signal Energy
Transmission {<cos »» = 0.83), ‘U'l'

ToPT Optical Thickness T T tnergy Transmission
| 10 j 0.54
| 20 { 0.35
30 f 0.26
40 0.21
50 | 0.17
60 0.15
| 70 ! 0.13
80 | 0.11
| 90 f 0.10
I 100 | 0.09

From the form of Equation (3-2) it cannot apply at TopT * 0, and the lower
limit of optical thicknesses at which i1t does apply s still to be determined.

We provisionally adopt a linear fit for Topr - 10, so that
'.c b ! - 0-046 ..OPT' 'OPT \_ 10
~cos o~ * J.83

Equation (3-4) s evaluated in Table 3.3, and Figure 3-4.

(3-8)

The zenith angle dependence for thick clouds has also been modeled by Bucher

and van der Hulstz. It also has no experimental verification.

1
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Table 3-3. "“Thin” Cloud Zenith Signal Energy Transmissiun (Matched to the
Thick Cloud Expression at roptalo for <cos ¢> = 0,83)

| 1
X < ' ! i ;
1 opt® Optical Thickness ] c Energy Transmission {
f 0 | 1 4
2 i 0.9 3
3 ; 0.82 ,-
: 6 i 0.72 ;
! ,‘ 8 { 0.63 |
! \ 10 0.54
; { 1 ,J
i
1.3
?
2.9 j
|
J.8 4
! K !
3 { . ‘1
< TVEAR, THEN CLC LD PEGIMME !
‘ 2 5.
1 b 2.5~ 4
e ' !
E v.4 J
8 o DIFFUSICN LEG iME ] .
2 o -
3.0
| X
3 13 P x & 0 &0 el [ L] 130 110
CPICAL TMICKNESS —~ * o -

Figure 3-4. Thin and Thick Cloud Energy Transmission Versus
lenith Angles, for -cos => = 0.83, eqtl. -
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3.3.2 _“ontinued)

The resuliting curve has been fit by L. Stotts of NOSC. An additional factor occurs
l because of the “spreading out” of the beam energy with zenith angle. Since this

"spreading out” may be converted to the satellite terminal,* we shall model it as ;
a transmission factor, i

. i
(cos : )q .0 q - 1. 5
3 - i

The complete thick cloud signal energy transmission (including the effects of
*tne single scatter albedo”, ‘o -3.999. is given by:

. |
| a ,
- ! N ! | feos & | §1.69 - 0.5513 o  « 2.7173 ¢
- : ¢ Lgp: [leccost -l e} 42‘ | ’ l :
-6.96h0 2~ 7. 1346 3 S1.4739 27 «0.615%8 b ‘ . ‘
. . i s e < e Lol Qe e '$‘

4 ‘} ’

1 Jew - W3 imcos 0 e b b8 (3_5‘)3
| 1--cos § !

! 1 S f
Deexp - |2V (lecos (Hees] gigpe T 142 ;

| 1--cose > !

’ \ for 10 Z Topt J i

* Except in the unusual condition of a minimum beam size constrained by satellite
pointing jitter.
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3.3.2 (Continued)

For thin clouds the d1ffusion like dependence dugnt no? %0 apply. Therefore,
n the :qor = 10 regime we assume a full cosine dependence cue to the extra path
length 1n the cloud, or

! .69 .1
f o ®f 1 - 0.085,, [ ! ] | [cos ’s]q ¢

10 (1 - <cos 9>) + 1.42

Q
For 9pT = O, we use ’c' [cos ’s] 0

]

Far (. J these mocdels are giscontinuous at “apy " 1. The atfference 1In

alue 15 approximately a factor of 0.58 at 3" 700.

Sf cloud propagazion we 4o not feel that such a factor 15 of prime importance, and

it this stage in our knowledge
snall tgnore this discrepancy unil an experimentaliy ver:fiec mode! replaces it.

1 Table 3-4 ang Figure 3-5 snow tne zenith angle Jecengence of the signal energy

transmission for both 9T regimes, witn g = 0, 1.e., satellize optics fully

i :omoensating for the lent?in angle beam irradiance spread.

~ -
-

- References ‘ir Secticn 3.1,

.A. Bucher, “Computer Simulatton of Light Puise Propagazion for lommunicat:on
“hrough Thick Clouds.” Applied Jptecs, Voi. il (10!, pp. 2391-280C,

v
m

Jccober 1373,

2. Janteisan, J.R. Moore anc¢ 4.C. Yan de Hulst, "The Transfer of ¥igible
2adtation Through Clouds.” J. Atmos. Scf. vol. 26 9/, pp. 1078-1087,
Septemter 1969.

ra

“he effect 0¢ .- = . {5 tanen from Appendix 8, equation 14, of S. <arp, "4 Test
2lan for Deternining the Feasibility of Optica’ Satell<te Communtcations Througn
Ciouds at visidble Frequencies,” NOSC TN 279, Julyl, 1978.
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l Table 3-4. lenith Angle vs Signal Energy Transmission
(Normalized to 0 0)
l fﬁﬁs. Signal Zenith Angle = Thick Cloud Dependence ? Thin Cloud Dependence
~ 0 l l
10 0.97 _ 0.98
20 0.96 0.94 ‘
. '
l 30 0.92 0.87 |
40 0.86 ; 0.77 ]
50 3.78 j 0.64 !
60 0.69 : 0.5 ;
] 70 0.58 0.34 !
30 D.44 ; 0.17 [
. ; |
3 T T T T 7
1,00 J‘
i
N T -
DI ULIC N 10G it X
.. -
i '
'é 3.8= SUEAR DN TLCLO NG e 4
2 e -
8 f
; 33 - }
§ L:r -
' |
3.0 -1
’L L . ) L ”e 1 e : ' 1 1 4 1 e 1 ) 5 ’
Y 8 '3 1§ W 33 B/ 18 & & ;0 8 W &8 T f w0
1IONAL TBNITH ANGLE = -
Figure 3-5. Thin and Thick (loud lenith Angle Dependence )
of Cloud Transmission Normalized to lenith &
;
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3.3.3 C(Cloud to Water Energy Transmission

The energy transmission of an assumed clear propagation path from the bottom
of the cloud to the water surface is expressed as ew For large diameter emerging
spots and representative clouds the energy transmission of this part of the
propagation path is very high.

We consider an ares element on the cloud bottom given by r dr d ¢, assuming
circular symmetry and that our observation point is well away from the beam edge.

Then, assuming for a thick ¢loud the emerging energy nas a Lambertian distributicn,
taking

H = gdistance from cloud base to water

R s range %0 satellite

“y = full angle e’ irradiance beamwidth (-1%) and that the beam is so
large at the cloud that negligible additional 1n-cloud induced spreading occurs,

the energy transmission is given by

2. R‘."T/'Z

W " % / d,:j rdr  x <"tilt" of emitting surface area!
0 0
v ‘Range from surface area to water surface "receiver"}'z
x o Tetit” of surface “recetver”: |
cr
e RR_/2 Z
d: SRR UG N D S D . S—
tu 2, 2. 2..2,° 2, 2
‘o 0 [onSerty ) LinSer®y ) L inlerS )
[M/{Re4/2)]" (3-6a)
< o i - . 1 7}_10 -
C e Ray2)t 1O

Equation {3-6a) s evaluated in Table 3-5 and Figure 3-6 as a function of the
. ratio of the cloud base height, M, ¢to the emerging spot radtus, R°T/2.
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Table 3-5. Thick Cloud-to-Nater Surface
Signal Enerqgy Transmission
WY “r Cloud Base ﬁk—%‘——"ﬁ nt t Energy Transmission
/' "2  Emerging Spot Radius ‘ew' W
0 1
0.05 0.998
0.1 0.99
0.15 0.98
0.2 0.96
0.25 0.94
0.3 0.92
0.3% 0.89
0.4 J.86
0.45 0.83
0.5 0.8
'.Jr
: 1.0
Loca
2 o ~
3 .
2 er
e
S oase j
g ;
é D.l;h- -
< i
T ook <
g a.:L 4
~ 0.!'L -4
QL A - A A
3 0.1 0.1 2.3 X 0.8
tanc c-m.ovonunmnncmmvcruom—nm’
?
Figure 3-6. Thick Cloud to Water Surface Energy Transmission
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3.3.3 (Continued)

For typical situations, 7/“87 « 0.2 and so this is a very small effect for
thick clouds. 7

For tnin clouds, the net transmission is even higher for large incident beams
since the enerqy does retain its emitted anqular sense. we therfore take

ey ° b for o 100 (3-6b)

Xe further assume that there is no zenith angle dependence for CW in either
regime,

3-20
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3.3.4 Afr-dater Interface Transmission - Signal

The signal energy transmission of the air-water interface is composed of two
. factors:

aw "t ) % (00
for Taw ©° tOtal energy transmission of air-water interface

Tawl e afr-water interface transmission due to index of refraction
discontinuity;

Taw2 " dfr-water interface transmission due to foam and streaks on the sea
surface.

This section treats - while = is discyssed in Section 3.3.6.
aw) awl

For thin clouds and clear westher (:opt <10) we assume the signal beam
rets ‘5 1ts angular sense. Gordonl nas estimated the value of Tawl 38 & function
of surface wind speed and signal zenith angle, for the Cox and Munk~ wave slope
distridution, as shown in Table 3-6 and Figure 3-7.

For thick clouds (Toot >10), the energy is modelled as being incident on the
sed surface from the entire hemisphere. Using the Fresnel refraction equation {and
neglecting wave effects) we fing

TR Y I (T RIRSLI N TS (3-7)

for ¢ = signal zenith angle
Udg) = Sea Surface reflectance as a function of zenith angle,

g RI) o [f] (Bg) = faldg)]Faids) (3-8)
('1('*) . fz('sx]{fj ('s) . fz(ﬂ,)]

for £1(9g) = sin2 (9g) [n2 + cos 28] (3-92)
172
for f2(84) = sin 9 sin 20 [nz - 31n29,] (3-90)
- and f3(d) = n2 cos2dg - sin2d, cos 294, (3-9¢)

angd n s sed-water index of refraction.
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Tadle 3-6. T3] Time-Averaged Downlink Afr-Sea Interface Transaittance
??or T™in Clouds, Sppe <10}

{
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. 8 1 G5 . 0010 . 00N | O0R3 0l 218 | o7 | o :

3.3.4 (Continued)

using n e (.33, (3-7) nas deen evaluated with the result i

F -
'

[ “awl = 0.83, 7op¢ 210. j (3-13)

. Equatton (3-10) is an approximatton since it nas neglected the wave structure of
’ the surface and 1s discontinuous with the T g5¢ <10 values in Table 3-6. we shall
use it pending further analysis and experimentation.

T™here i3 no zenith angle dependence for thick clouds for ' awl.
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1.)J.4 (Continued)

References for Section 3.3.4

1. J. Gordon, Directional Radiance (Luminescence) of the Sea Surface, SIO
Ref. 89-20, October 1969, as cited in R.E. Howarth, M.E. Hyde and
W.R. Stone, "Submarine-Afrcraft and Sutmarine-Sateilite Optical Comwmunica-
tion Systems Mode! (U),“ Confidential Report, NELC-TR-2021, 1977.

2. C. Cox and w#. Munk, “Statistics of the Sea Surface Jerived from Sun
Glitter, J. Mar. Research Vol 13 2, 1954,
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3.3.5 Air-dater Angular Effects - Signal

The wave slopes on the sea surface cause an overall increase in the beam diver-
gence of an incident beam. For the propagation path considered here, only for the
thin cloud and clear weather cases (7 55¢ <10) will this have any effect.

We describe the statistical effects of the surface by A@py = half-angle of the
rms additional beam divergence of the radiance profile. Adopting Karp's unverified
model! we use the expression

A8 ay * 0.0103 v1/2, (7 o0, <10 (3-11a)

for Y = surface wind speed in knots, and the index of refraction of sea water has
been taken = 4/3, Equation (3-1la){s evaluated in Table 3-7 and Figure 3-8 for V
in knots (and m/sec) and ygay in radians (and degrees).

The relative contridution of 3954 to the distribution of radiance at the
receiver will be discussed in Section 3.3.8. Except for the clearest water it is a
small effect and so the impact of neglecting zenith angle effects, and dissimilar
wave slopes in the downwind and crosswind direction, may be negligidle. We there-
fore adopt this model, and

A0y * 0. Topt 210 (3-11b)

until dbetter information {s available.

References for Section 3.3.5

1. As cited in R.E. Howarth, M.f. Myde, and W.R. Stone, “Submarine-Aircraft and
Submarine Satellite Optical Communications Systems Model (U).” Confidential
Report, NELC-TR-2021, 1977,
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Table 3-7. Half-Angle RMS Air-Water Interface Effects

' |[ V, Wind Speed A0 ay
Xnots Meters/Sec Milliradians Degrees
I 0 i 0 0 0
2 | 1.03 o 14.6 ‘ 0.84
l . : 2.06 ! 20.7 1.18
8 .12 | 29.2 : 1.67
) i
14 ; .21 | 38.6 , 2.21
I 20 i 10.3 i 46.2 i 2.65 |
26 : 13.4 | 52.6 i 3.0
I 32 , 16.5 f 58.4 ; 3.35
.18 19.6 ? 63.6 | 3.64
- | ! L l j
- SUBFACE wIND SPLED — maren vex
. “ 2}36 t.'¥2 o'll ..'2 ‘OY.J l'.“.l NT.S '0‘.5 ll'.b e
<
A
3!
23
g . =
H %
1 3 X
< s
o, -
£2
53
~ 3
i3
= 3 1 A A . s L ) § 4 A i s A ] i y 4 r'y L
307 &4 & 80 10 12 14 s 8 0 2 OM OB BN XN 2 M NN
SBPACE AND SPEED ANC TS = v
Figure 3-3. HNalf-Angle RMS Afr-Water Interface Effects as a function of Wind
Speed V
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3.3.6 Relative Surface Foam Coverage

The enerqy transmission of the air-water interface is composed of the factors:

Taw " Taw 1)X (Taw 2}
for ‘,w * total energy transmission of the air-water interface

‘awl & a{r water interface transmission due to index of refraction
discontinuity
and “,, 2 * air water interface transmission due to foam and streaks on the
water surface.

This section treats r, -, while ™ ,, | was discussed in Section 3.3.4.
Independent of the cloud conditions, a model relating the fraction of surface
covered to the surface wind speed is given byl

Ce = (1.2 x 10-3) v3.3, v <9m/sec (3-12)
and Cg = (1.2 (10-5) v3.3 (0.225 v - 0.99); V >9m/sec, (3-13)
for (¢ » fraction of surface covered

¥V = syrface wind speed in meters/sec.

Assuming the foam and streaks have an albedo of 1, the value of Taw 2 15 given by:

Diaw 2 " 1= (1.2 (10°5) ) v3:3, ¥ < 9m/sec ! (3-14a)

4

and g g1 - (1.20007°)) v 3(0.225v-0.99); v -9m/sec | (3-18p)
.

Equations (3-14a, b) are evaluated in Table 3-8 and Figure 3-3 for V in meters/sec !
{and knots).

Although this model neglects zenith angle effects, we shall adopt it pending further
experimental work.

References for Section 3.3.6

T e g

l. As cited in M.R., Gordon and M.M, Jacobs, "Albedo of the Ocean-Atmospheric
System: Influence of the Sea Foam,” Appl. Opt. Vol 16 (8) pp 2257-2260,
Aug 1977.
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Table 3-8. Atr-Water Energy Transmisston Due to Surface Foam and Streaks
(Assuming a foam/streak albedo = 1)

Yeou2

FOAM/STREAR SURFACE MAPIMISNOH -~

s.18 8.0 10.3 12.4

¥V, Wind Speed

Knots Meters/Sec T aw?

0 0 1

2 1.03 1

4 2.06 1

8 4.12 1
, 14 7.21 0.99
! 20 10.3 0.96
26 13.4 0.87
32 16.5 0.66
38 19.6 0.25

¥V e mgr@y e ornd
3.0 412 14,3 1e.3 18.6

T T

A A 4. A A 'y A A

¥r

0 12 4 1 1] Fo) 72 24
WRFACE WIND SPEED &NCTS) — v

- o

s}
+] o3
1 4

Figure 3-9. Foam/Streak Surface Coverage Transmission versus Surface Wind

Speed
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3.3.7 water Energy Transmission-Signal

The energy transmission of the water portion of the propagation path is denoted '
by . For most water types and receiver depths the dominant cause of attenuation )
is the diffuse attenuation coefficient1 of the water, k. We therefore use the model: ’

13

3, * exp - (kX (PATH LENGTH IN WATER) ). ;

The path length in the water for : _ 10 is given by:

opt l
N
D/cos (-S ) ‘
for
D » receiver depth

:s" 3 in water signal zenith angle.

From Snell's law,

oy

n sin (:s") = gin &, (3-15)

for
n = water index of refraction

" in air signal :enith angle.

Table 3-9 and Figure 3-10 show the values of Equation (3-15) for n = 1.33,
Since many areas of the ocean have a layered structure for k. we modify our basic
equation for clear weatner or/thin cloud conditions to yield:

k O 1 -
W, A
cos (:s ) cos (:

s fa1 |

where we have assumed there are j layers which differ fn their k values, but not i

in their indices of refraction. Therefore, the adopted model for Topt . 10 s
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Table 3-9. Relation Between In-Air and In-Water Signal Zenith Angles
(Assuming Sea-Water Index of Refraction, n = 1,33)

5 g In-Air Signal Zenith Angle :S'. In-Water Signal Zenith Angle
! {Degrees) {Degrees)
‘ 0 0
g 5 3.75
! 10 7.48
E 15 11.19
! 20 14.86
: 25 18.48
) 30 22.02
: 35 25.48
i 40 28.82
‘ 45 32.03
50 ! 35.07
55 ! 7.91
60 i 40.51
6% t 42.82
7C ; 44 .81 i
! ; | 46.42 |
30 2 7.61
i 8% l 48.34

B WATIR SHGRIAL ZEPHITH ANGLE DCCRELY, — o °

A A b A d A

i A Ao A
2 b 19 13 x = x 3 0 a4 % s [ I e 7 0 o L]

A A

N AR UCHNAL 2ENITH ANGLES DECRIES) - LR

Fijure 3-17. Relatior BSetween In-Air and In-Water Signal Zenith Angles
fAssuming Sez-wWater Index of Pefraction, n = 1,33)
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3.3.7 {Continued)

i (3-16a)
‘ |
- ?
:"'s?nI ls{n:)am: ‘,—O-D "
S o s " * !
{e] '
For thick cloud cond..ions, the energy peaks at zenith. Since k, is an effective L
¢ sion coefficient, the 2nhick Cloud water energy transmission is given by
‘ J
P 2 vl for tepr > 10 (3-16b)
1e] '
“hts Tocde! ts uncertain tn many ways:
‘i, The value of Kk, o use.
o) Tne values of I, 1
J3, i%s acoitcadbtiity sn sery Clear water ang, or at snhaliow recelver dgepins.
orsequent sy, a.:N0ugh 1% 'S the vest model avar'ab’e now, 1t may be reviscd
anen Detter nformaticn Hecomes avatlatie.

e ‘erences “‘cr Secsicn I.3.°7

i.

(A4}

4owarzh, V. 2. wyie and 4.R. 3%ne, "Submarine Aircra‘t and Submarine-

Sacellie Cptical Communication Systems Mode! (U)”. Confioential Report,
MELC-TR-2020, 1377

[ o)

¥, Abramowitz and i.A. Stequn, editors, “andbook of Mathematical Funciions, NES,

Wpiied Mathematics Sertes 15, Government Printing €€ice, Novemper 1970,
3. <i8..38-243.
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3.3.8 water Distribution of Radiance - Signal

There is no experimentally verified expression for the in-water distribution
of signal radiance as a function of incident beam collimation, incident beam
zeni1th angle, water properties, and receiver depth. Any model expression must
take into account the following items:

(1} The in-air zenith angle of the signal,

{2) The radiance distribution incident on the water;
t3) The air-water interface effects,

(4) The 1n-water zenith angle of the signal;

{5} The in-water scattering effects,

{6; The in-water absorption effects.

In considering these last two, we note that the energy should decrease away
from zenith due to absorption, and depending on depth and the water properties.
Ne have therefore considered the following zenith angle dependencies for the
radiance at the submarine receiver:

¢
(3) sir (:J . a")

AL
, <
4, 1 - sin sy
s s,
J
.
-
w
by exy - H]
0

3-3]
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3.3.0 (Continyed)

for »" = angle measured from the axis, or principal ray direction, of the
in-water signal radiance,
and n * angle at wnich the signal radtance reaches a benchmark, i.e. 0 for (2)
(3) and {4}, ane e ¢ for (5).
we agopt (4),]1- sin " 2. because 1t is easy to work with, and appears to
stin )

gtve a reascnable representation of the assumed racdiance.

i ts related to the nalf power point of the recetved radiance by the equation

t -
' 1- cos(al )- 1 cos 3, sin‘a1 *2 cos 3, =2 (3-17)
v ! — /’ / !

. 2 3 s‘”Z N 2 2 ‘2

i, J

- cos LR . P

s - COS g Sin" a4+ 2 OS5 gy -2
3 sin” i

.

Equation {3-17) fs evaluated 1n Table 3-10. Values between those shown are
obtained by linear interpolation,
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Tadle 3-10. Relation of Radiance lero Point, for and Received Radiance
Half-Power Point, VL for 1 - {sin :"/stn go)z Radisnce

Distridution
| 1
5 '1, (degrees)| i, (degrees) ;
! /4 0 |
L |
3.8 5 i
- 1.6 10 !
11.4 15 g
15.2 20 ;
19.0 28 |
f 22.7 % 30
26.5 ¢35 ‘
‘ 30.2 ! 40 }
339 . 4%
% 37.5 b 50
3.1 bo55 :
1 4.0 i 60 j
48.1 | 6% |
51.6 ; 70
58.9 ;75
58.2 80 i

1.1.8 (Continued)

We adopt the NOSC developed expression for the half-power point in terms of
3 incident beam divergence, air-water anquliar effects and in-water scattering
effects, and add them up as 1f they were three statistically® {ndependent effects:

[ 172
3 \
3 | 3,2 [} {(" . f" . f‘] . (3-18,
x for .

( f- * waler contribution ’

i :

! :i, s D , I (3-19)

| . =, all: 3-

6 cos @ OPT ’

{ $ J

*Tnis fs actually an empirical result, and appears to fit the NOSC experimental results.
A completel s consistent theory of al! these effects would not use the statistical
independence as the justification for this expression,
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3.3.8 (Continued)

d
. 3/2,",
fau (0.0103 v*' %) TopT 10 (3-19b)
; « 0 i Topy 210 (3-19¢)
3
1 nd foe (L : (0.294 = )2 4 - 10, (3-19d)
2 a n : T4 topT - Y )
f
. (33.8%)%, topy > 10 (3-19¢)
: . . «OPT 2 .
2 i
for .. c© rean square single scattering angle in water

s * scattering coefficient in water
= recefver depth

* n-water signal Zenith angle.

e surface wind speed in knots
J ‘0Pt » cloud optical thickness
n = water index of refraction

"y 0'2 frradiance full angle of {n-air incident beam.

>
L ]

Equation 3-19a fs the NOSC1 expresssion, and contains the only zenith angle
dependence for the radfance distribution. wWe could modify it for layering effects
(%sx - &sls; $ %S 0 - 0‘ and f' - (fui)) dbut shall not at this time, until i
further experimental results are obtai*ed.

Equations 3-19d and 3-19¢c are based on the discussion in Section 3.3.5.

fauvations 3-19d s the refraction-corrected beam divergence of the collimated ;
fncident beam, again assuming a Gaussian distribution in angle. ‘ i

Equations 3-19e assumes that after penetration through thick clouds the 1ight
has a uniform angular distribution at the water surface. Then, Snell's law implies
that just below the water surface, all the energy is contained within a solid angle
of half-angle = 48.6°%, neglecting wave action. Then, defining the half-power
angle as the half-angle of the solid angle containing naif of the energy, implies

-4
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3.3.8 (Continued)

1 -cos ¢ = % (1 - cos 48.5°)

or, s = 33.8°%

The radiance distribution enters into the expression for the received energy
by the expression

jr s‘n "
f 1] ' L] ‘.
(23+ % sin :;

-
1- S\n M /s‘n ')

for
| " solid angle of the receiver,

w. = full solid angle which all the energy is within,
“a " haif-angle of the recefver field of view,

e off-set angle between receiver optical axis and axis of the
fncoming 1ight

Therefore, for the general case,

2- “ 1 w 2
f R a3 w sin 0‘ 1- sin ¢
VIO f
{a \ i P sin 2
v oy, " o
J/. ds j' 4 :  sin s 1- fsin &
"] 0
sin 30
w e cos} lcos o7 cos ¢ + sin " sin & sin «}
for 3

For perfect alignment between the received 1ight axis and the receiver
(i = 0), the integral can be analytically evaluated, with the result

3-35
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! [cos IR L 2 ¢cas R -Zl
L= cos 7 2

J sin 30

d '.'R' =O . 2
| - s 95 - L Cos 35 stn° e 2 €08 50 -2
(3-20b)

—
3 sin® %

fquatton (3-203) nas deen evaiuated in Figure 3-1l. for 5, = 30" (Figure 3-1la)
an¢ :, = 0 IFigure 3-1la) ana s = 3°, 0, 2¢°, 30°, 3&°, s, e0°.
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3.3.8 (Continued)

References for Section 3.3.8

1. R.E. Howarth, M. E. Hyde and W.R. Stone, "“Submarine-Aircraft and Submarine-
Satellite Optical Communications Systems Model (U)", Confidential Report,
NELC-TR202!, 1977,
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3.3.9 Received Pulse Width/Shape

There is no verified model which predicts the received pulse width and shape
at the submarine receiver as a function of cloud properties, cloud height adove the
water, water properties, and the receiver field-of-view. We do not attempt to
develop such a final model here, but present some reasonable expressions for the
model we propose to temporarily adopt.

It is the universal' experience of experimenters (both real-world and computer
simylations) that after penetration of a multiple scattering medium, the received
pulse has a short rise time and a long falltime. Because of its nearness to Bucher's
computer simu!ations2 (as shown in Figure 3-1.) we shall assume the underwater
receiver sees 3 pulse shape given by

fe) =te L. (3-21)
The properties of this form are as folliows:
Maximum value of f{t} occurs at ty * % {3-22)
Maximum value of f(t) = t, e "' e 0.368 ty (3-23)
Average value of t, defined as
/ t flt) at
o -
- . 2 t" . (3‘2‘0)
f f ity dt
0
Hal¢ power points of f{t) occur at 0.233 tN and 2.68 tM. s0 the width between
half power points = 2 .45 ty (3-24b)
3-38




3.3.9 (Continued)

The rms value of t, defined as

ouny omm GE 0 T = -

= 172
f t f(t) dt
2 \ N6ty . (3-24c)
_/ f(t)at
\ o
Hence the variance of t s given by var t » (;f - Ez) = 2 ti . (3-25a)
., 172
T and its standard deriation by [:2 -t2) -\ﬁ; ty - (3-25b)
- The area under the f{t}) curve is given by
. 2
[ f()ae = . (3-26)

0

In principle there are three significant contributions to the received pulse width,
which we shall define as the time between half power points,

2.45t" " (.'.tc . ;t“ . Lt') . (3-27)

where we nave neglected the initfal pulse width at the transmitter, assumed that
the effects add serially, not statistically, and

it * pulse width due to water portion of the path, ]

M 4 * additional pulse width due to cloud-to-water path,

3-39

l Lt. * pulse width after emerging from the cloud.
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Figure 3-12. Comparison of f(t) and Bucher's Monte Carlo Pulse Shape

3.3.9 (Continued)

The additional pulse width due to the water portion of the path is caused by
the in-water multiple scattering, and so it occurs in the absence or presence of
clouds. As seen in Figure 3-13, a signal at a zenith angle of 0° and a receiver
of half angle “R at a depth D leads to a pulse width (for a uniform contribution
throughout that field of view)

| 1- cos = ‘ '
LoD hlces ]

! e Tw ) cos | opt } (3-28)

L

for ¢ = speed of light

n = water index of refraction,

3-40
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Figure 3-13. In-Water Pulse Width Calculation Geometry

3.3.9 ({Continued)

When the signal zenith angle is not 0°, an additional pulse stretching occurs,
as shown in Figure 3-i4. The effect is given by

2 0 tan =
Cw — C

R sin :S

t-
-~
”

.

TOD( . ]0 (3'29)

for 3 " signal renith angle.

dhen thick clouds are in the path, there is no single zenith angle defined below the
clouds, and so this expression will not apply.

For thin clouds ('opt &« 10) we have found no verified expression for the
cloud effects or the cloud to water effects. Since Equations (3-28) and {3-29)
already imply stretching to a few hundred nanoseconds, we can neglect the thin

cloud effects, and take

|
ut, e 0, Topt 10 - | (3-30)

L_, All zenith angles ‘

For thick clouds we adopt the Stotts3 expression, {applicable for .y ’ 0.999) so that:

1.5
LT 0.3 . Y |
i, r % ___:____:7 ({1 +2.25 “0 “opt ) -1} - ’ . (3-31)
“o ‘opt “opt - 10 .

A1l zenith angles
3-4]
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Figure 3-i4. Signal Zenith Angle Induced Additiona:
Pulse Stretchning

3.3.9 (Continued)

for T = cloud geometrical thickness,
“ " single scatter albedo,

<« = mean scattering angle in the cloud.

-

Equation (3-31) has been evaluated in Table 3-il and Figure i-15 for the typical
: T, v ) ixi =7 /=25
values of “o 1, 0.66 rad { 37°;, and fixing 7 opt’ "¢ 25 opt suitable
for a strato-cumulus cloud. (Also shown for comparison {s the result estimated in

Reference 2.

These values probably overestimate the pulse widths at the lower values of

but we shall adopt them until a verified model for all values of = is

“opt® opt

developed.

We use the values from Table 3-il for Topt " 20, 40, and 60 along with the
normalized pulse shape [F(t) = (tiz) t exp - (:/tH)J to plot representative
pulses in Figure 3-16. The drastic dependence of the pulse height and width on

optical thickness for the assumed model is clearly seen.

o~ tn————————
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Table 3-11. Typical “Thick” Cloud Pulse Broadening for . =1,
l ~«37° and ‘JC'O.M m-} 0
| Toptrr OPtical Thickness (T. Geometrical Thickness (km) | it_, Pulse Width
pt c
' » ; (usec)
10 | 0.25 1.15
: 20 0.5 3.65
l 30 0.75 7.08
40 1.0 11.27
50 1.25 16.13
' 60 1.5 21.58%
70 1.75 27.48
80 2.0 33.93
90 2.25 40.88
[ 100 | 2.5 48.25
S, I
[ -
- o
[}
s
W
i «
. o
. el
dn ¥ .

Cloud Induced Pylse Stretching as a Function
of Optica! Thickness (< =9.04 m‘l
d

LaTe ,”'.:_‘

. *Q'll
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3.3.9 (Continued)

I A careful analysis of the thick cloud to water propsgation region has found
that it adds a negligible amount relative to it for reasonable cloud properties
and cloud heights. Hence we take

10 . (3-32)

v >
cw opt -

A1l zenith angles

b v i

We therefore have adopted a complete model for all effects and all optical
thicknesses. [t shall be used further in the next section.

References for Section 3.1.9

1. Ail present at the NCSC sponsored Cloud Propagation Symposium, March 1978.

2. £E.A. Bucher, “Computer Simulation of Light Pulse Propagation for Communt-
cation through Thick Clouds,” Applied Optics vol 12 (10) pp 2391-2400,
October 1973.

L.8. Stotts, "Closed Form Expression for Optical Puise Broadening in Multiple
Scattering Media,” Appited Optics vol 17 (&) pp 504-505, Feb 15, 1978.
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3.3.10 Overall Signal Equations

The optical detection mechanism responds to the received energy as a function
of time, t.e., the instantaneous optical power. The total received optical energy
and the instantaneous optical power are related by:

-»

£ = [ Pait) at (3-33)
o

for
P total recetved opttcal energy per pulse, and
°Q(t) * tinstantaneous recetved optical power.
dri2ing
a Ty [ -
Faitl @ AE e, (3-34)
for A, * normalizalion parameter, and

(2]

f{t) = received optical pulse shape,

then
ta
AE hd - (]‘35)
f {2 a2
o
$0 that
Eq fL2)
’ F{t) gt
* o
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3.3.10 {(Continued) i

l Using the received pulse shape of Section 3.3.9,
' f(t) o texp (:-) (3-37)
m
2 .
/ ft) ot « t° (3-38
| o
ang
l exp - (t/t,)'
Paltd = Ege —F (3-39) |
| [
|
l for t " (2.45)'l x (time between half power points). (3-40)

The total received optical energy is given by the range equation:

£R e (Transmitted Energy per pulse)! X (Transmitter optics transmission) X

( Area of the receiver
Area 0f the tlluminated spot at the receiver depth X

{Clear Atmospheric Energy Transmission) X (Cloud Energy transmission) X

{Cloud to Water Energy Transmission; X

§ (Atr-mater Interface Energy Transmisston) X (Water Energy Transmission) X

% {Recetiver Optics Transmission) X

g {Fraction of Incident Radiance within Receiver field-of-view). (3-41)

i |
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3.3.10 (Continued)

We take

ED s Transmitted Energy per puise
s Transmitter Optics Transmission
R * Receiver Optics Transmission

d = Diameter of Receiver Aperture

R = Range from source to receiver

"dzﬁi
* Ared 0f the recetver
te ® Full angle e'z irradiance angle transmitted into®
y 2.2
R . T, Area of the {lluminated spot at the receiver depth.
" Clear atmsphere energy transmission, as di.cussed in Section 3.3.]
" Cloud energy transmisstion, as discussed in Section 3.3.2
o " Cloud to water energy transmission, as discussed in Section 3.3.3
Taw " Air-water interface energy transmission, as discussed in Sectfons 3.3.4

and 3.3.6
T * Na'er energy transmission, as discussed in Section 3.3.7.
™) . Uaier radiance distridbution, as discussed in Section 3.3.8.
Therefore, the received optical energy is given by

24 -
sp "T ('c /‘} R .
R (_QTZ/‘) a¢ & ¢ ow aw w ‘"o

The fraction of the incident radiance within the receiver field-cf-view is given
by (‘or perfect aligrment between beam axts and receiver axis):

*This assumes such large spots that additional cloud end water spreading is
negligidble.

3-48




ey
. +

[
i
1

- ee 1PN st
Age SR e won

3.3.10 (Continued)

. 27

p 2T 9

for
"2 half angle of the receiver field-of-view

‘o
Using the model adopted in Section 1.3.8,
cos @ anz a, * 2
"R "R cos 8, =2

.I-COS@R-JI .

sin J
) .

s 3, sin 39 * 2 cos 4 22

off-axis angle at which incoming radiance equals 2ero.

-

; l-coseo- 1

i 3 Sin‘;o l

o

and fl:, “n) =« 1, for @R > s

Using Equations (3-42), (3-44) and (3-39) results fn the evaluation of the instan-
taneous optical power in terms of all the other models.
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3.4 “MCDEL UNCERTAINTIES

The sub-models contained in Section 3.3 have a number of uncertainties, due %o
the lack of available experimental data.

3.4.1 Energy Transmission

The clear atmosphere transmission {s well understood at all zenith angles of
interest, so the model in Section 3.3.1 has negligible uncertainty.

The cloud energy transaission is not well understood. Areas of uncertainty,
not directly treated in the present one-month planned experiment®, include the
transition salue from thick to thin clouds, the incident zenith angle dependence,
the very-thick cloud (optical thickness >50) behavior, and the impact of the single
scatter albedo being less than 0.9999. Therefore, future work may modify the model
tn Seccton 3.3.2.

The cloud-to-water energy transmission is a small effect and the mode!l in
Sectton 3.3.3 should stand.

The afr water interface transmission model in Section 3.3.4 and 3.3.6 has
T1t2le experimental vertfication, and may require ,modification in the high wind
speed/large rentth angle regime,

The water energy *ransmtsston 1s not well understood. There are uncertainties
with regard to the correct characterization of water loss (absorption with 3 large
fraction of scattering), %0 thick cloud effects (is there exira water 10ss here (f
the water 10ss coefficient 1S given by the diffuse attenuation coeffictent?).
txperimental results support the difference (up to 7 dB) between thick and thin
tloud received enerqy over 3 particular fleld-of-view for one type of water at less
than operational depths, dut no absolute results exist. This area of uncertainty
needs %0 be resolved for the depths of interest and different water lypes.
"herefore, *he mode! {n Section 1.3.7 may bde modified in the fyture.

3.4.2 Anguler Effects

The SPOPM mode! in Sectfon 1.3.5 and 3.3.2 fs uncertain in two key areas: the
shape of the received radiance distriduytion [including 1ts zentith angle dependency
which may be 2 small effect), and the angular extent of this radiance in clear and
cloudy conditions, The present model fs based on experimental results at shallow

¢ 70 be performed in August/Septembder, 1979,
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3.4.2 (Continued)

depths, with one type of water and for small beams incident on the water {clear
weather), or the sun (thin to medium cloudy weather). This model assumes that the
fn-water, air-water interface, and incident anqular distributions add in a root sum
of squares fashion, which {s highly suspect when comparable values arise from more
than one contributor, e.9., the thick cloud contribution (modelled as diffuse 1ight
hitting the water) and the in-water scattering.

This uncertainty has & large effect on SMR and hardware (the field-of-view
requirements interact strongly with the filter size and optical bandpass) and needs
to be resolved ‘or the depths of interest, different water types and clear through
cloudy weather,

3.4.3 Temporal £ffects

The mode! in Section 3.3.9 for pulse shape and pulse width {n the SPDPM isg
uncertain for both thin and thick cloud conditions, and needs to be experimentally
verified.

Consider the zenith angle/field-of-view dependence of the received pulse width
tn clear weather/thin cloud condition. [t may be that pulses more than a few
astenuation lengths ¢n duration are unlikely, or that far longer pulses may arise in
clearer water conditions. (A related fssue is the manner in which the varied
tempora! effects add up.) This implies a large spread in values, for the
pulsewidth, resulting in large signal-to-notse ratio effects (up to\zfal at least),
and needs %0 be resolved for a recetver at operational depths and in varied water
types.

A f.riher uncertainty involves an interaction among energy transmission, field-
of-view and time-of-arrival. Does the enerqgy arriving from the "edge” of the field
arrive late enough %0 be useless in signal demodulation? This should also be
experimentally ascertatned, since no time-resolved underwater experimental results
(t.e., for short-pulse sources) presently exist.

(We do not constider here a filter which causes additional pulse distortion. If
such a filter does bdecome *he leading candidate for OSCAR implementation, the model
for doth thin and thick clouds would have to be changed.)

Table 3-12 sumwmarizes the uncertiinty status of the signal portion of the
SPOPM,
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Table 3-12. Status of Signal Portion Models of SPDPM
i ] T COMMENTS ON |
L THIN CLOUD Y THICK CLOUD EXPERIMENTAL WORK ;
| ; REQUIRED !
ENERGY TRANSMISSION
Clear Atmosphere e 0K Not applicable None {
' Cloud . Unknown, but ' Unknown First experiment planned.
i ' small effect Extrapolation TBO.
: Cloud to Water . Not applicable 0K None !
. Afr-water Interface ' 0K, at small 0K Minor f
zenith 3's *
Water Unknown Unknown Needed i
-
| ANGULAR EFFECTS |
} . |
Shape | Partially ' partially Should be done !
- verified verified |
Out-of-water . 0K Partially Should be done if other
Contribution ; verified related work is blanned.
. In-sater Contributfon . Partiailly Partially Meeded for depth and
: , verified verified water type, ,
" Combination of Effects ' Partially Unknown Needed
: verified
' TEMPORAL EFFECTS
| shape ~ Unknown Unknown Needed
} Cloud " Mot applicable Unknown Needed
. Cloud to Water Unknown Not applicable Needed
| Water . Unknown Ok (smald Needed
! . effect) :
i Combination of Effects : Unknown 0K (cloud Needed -
i 3 dominates)
L e " -
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3.5 “PARAMETER VALUE™ UNCERTAINTIES

There are two level of parameter uncertainties: the details of the input
parameters to the SPOPM submodels, and the overall data base developments. This
section only considers the details of the input parameters; the overall data bases
are discussed in Section 5.6 and 6.6*.

3.5.1 Cloud
There are numerous uncertainties in SPOPM inputs.
The inputs to the SPOPM include:

«CcOos%>= mesn value of cosine of the single scattering angle. NOSC has set it
= 0.875 in thefr data base, byt it is an inferred, not & measured, result., [t f{s
uncertain, but has a small impact.

- = rms angle for single scattering within the cloud. MNOSC has set this
e 0,68 radian. Again it is an {nferred and not measured result, but appears to have
littie ‘mpact.

v, (Stngle scattering albedo)s 0.9999, but 0.999 or even 0.99 may de more
appropriate for some clouds. The impact of the smaller value, for very thick
clouds, is less pulse stretching and less energy transmission,

0

the particle density {as a function of particle size) in the cloud, n(r). Yo is not

conpletely known as discussed above, while n{r) {s measured by instruments which may

" average exsinction corffictent of the cloud. This depends both on . and

have errors from 20% to 100%. Therefore, Te for a given cloud type nust be
considered as uncerlain,

T = geonetric thickness of “he cloud (note, aptical thickness = cCT). This s
sncertain for a gtven cloud type (all stratus clouds do not have the same thickness,
of course) and poorly defined if the cloud surface is non-uniform. [n addition,
according to the SPOPY model, t¢ has a greater impact on pulse stretching than

does o

* Moreover only the uncerainties of “he envirommental parameter are considered
here. The system design parameters are described in Section S.6.
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3.5.2 Air Water [nterface

There are uncertainties in the values of wind speed to use, and this may have
significant impact in bad conditions. For winds less than 20 kts, any uncertainty
in the value has a negligible impact.

3.5.3 water

There are many uncertainties in the water parameters. The inputs to the SPOPM
include:

ky = diffuse attenuation coefficient of the i'th water layer. The values
presented by NOSC are uncertain in absolute magnitude, but the wavelength trend is
correct.

0; = thickness of the {'th water layer. [t is uncertain and has a significant
inpact on the system {f the upper dirty water layer is thin compared to the
operational depth,

gr ® RMS angle for a single scattering event in the water. The value provided
by NOSCT 1s uncertain since 1t ts based on an empirical fit to data at shallow depths
and for one type of water. This uncertafnty could have 3 large 'mpact on the
required clear weather receiver field of view.

S e Scattering coefficient for the entire path. [t is uyncertain whether its
value should be taken iIncependent of depth, and in its absolute value for all water
types.

n - water index of refraction, No uncertainty.

Table 3-13 summarizes the uncerlainty status of all the parameters for the
signal portion of the SPOPM,
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Table 3-13. Status of "Input Parameters” to the Signal Portion of the SPDPM

omm wmm N

' Y 1
, PARAMETER ; STATUS - COMMENTS ON EXPERIMENTAL WORK REQUIRED ‘
! " Clear Atmosphere | 0K "None f
vty ) ! N |
Cloud: ! |
<Cos 0K None E
i }
- i OK None ;
-0 jPartialIy known No direct experiment possible
* ‘e :Partial\y known Some work is planned during first cloud %
. experiment. EQquipment may be too inmacurate -
for good results
T .Partailly known [nterpretation of data required
# ' Cloud-to-Water - 0K None
1 Air Water Interface Ok, for low Some required for bad conditions.
wind speed
Water:
L9 Partially known Required if not done by other contractors
94 Partially known Required if available data not able to be ‘
interpreted. i
}s‘ Partiaily known Required as a function of depth and water
' type.
S Partially known May become available for surface water from
ongoing work. Needed for water at depth.
n (014 None
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Section 4

This section discusses the model for the propagation of the noise relative to
- a single signal pylse. The section is organized as follows:

Model Philosophy and Flow Chart - Noise

4.1.1 Philosophy of Approach - Noise
4,1.2 Model Flow Chart - Noise

input [nformation for Noise Calculations

Sources

[ N -

{lear Atmosphere
Cloud
Cloud %0 water

So Ko &e b= £ & B b
[aF TN 25 IR N ST S TR F B AC T o }
o o

5  MWater

6 Air/Water Interface

7 Receiver

8 Signal Characteristics
Sub-Models
14.3.. (lear Atmosphere Transmission - Noise
4.3.2 {loud Energy Transmission - ligise
4.3.3 Cloud to water Enerqy Transrission - Noise
4.1.4 Air-dater Interface Transmission - Noise
4.3.5 Air-Water Interface Angular E€fects - Noise
4.1.6 RAelative Surface Foar Coveraqe
4.3.7 Water fnergy Transmission - Noise
4.3.2 dater Distribution of Radiance - ‘loise
4.3.9 Detection Bandwidth
4.3.10 Average Background Power due to Sunlight
4.3.11 Average Background Power due to Moonlight
4.1.12 Average Background Power due %C Blue Skylight
4.3.13 Average Backqround Power due to Stellar/lodiacal Lis"t

a-1

SINGLE PULSE DOWNLINK PROPAGATION MODEL - NOISE
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4. (Continued)

4.3.14 Average Background Power due to Bioluminescence
4.3.15 Noise Equivalent Optical Power Dependence on Noise Sources

4.4 Computer Program for Complete SPOPM

4.4.1 Introduction
4.4.2 Names of Variables
4.4.3 Listing

4.5 Mode! Uncertainties

4.5.1 Average Power Transmission
4.5.2 Angular Effects
4.5.3 Temporal Effects

4.6 Parameter Value Uncertainties
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4.1 Model Philosophy and Flow Chart-Noise

Tnis section considers the basic aoproach used in the detailed models pre-
sentzd in Section 4.3, and presents flow charts showing the inter-relationship of
the sub-models and their required inputs. (These inputs are discussed in more
detail in Section 4.2).

4.1.1 Philosophy of Approach - Noise

Since all the background sources that must propagate through clouds are con-
tinuous in time, that part of the modeling related to the temporal effects is not
present here. This simplifies the noise modeling.

On the other hand, the sources of the noise are so different (sun, moon, sky-
light, star-light, bioluminescence, shot noise in the receiver amplifier, detector
dark cuyrrent, etc.), that it has been difficult to develop & single unified approach
to all of them. The approsch, therefore, is to:

(1) Express the noise contribution as a notse-equivalent-optical-power,
(NEpYOT) which is the root sum of squares of all the noise-equivalent-
optical power contributions of the individual noise components. The
NEPTOT is then directly comparable to the instantaneous received optical
eouer PR(t) developed in Section 3, and the signal-to-nofse ratio is
PR/NEPTOY; for aR the peak value of the received signal power;

(2) Take the out-of-water background sources in terms of equivalent exo-
atmospheric radiances, and then their propagation through the atmosphere
and water path is treated in parallel with the signal energy transmis-
sion of Section 3.3. The angular effects and noise radiance distribu-
tion are also treated in a manner similar to that of the signal in
Section 3,

’3) Take the noise contributions of the background sources as the l-sigma
point in the fluctuations generated in the signal current by their steady
presence, and express their contributions in terms of an equivalent
optical power;

noise in the standard way, and express their contributions in terms of an
equivalent optical power:

(4) Treat the amplifier shot noise, detector dark current and sfgnal shot ’

4-3
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4.1.1 {Continued)

(5) Present the modeling in a modular fashion, so that the effect of each
portion of the path is evident. [n addition, as further experiments
and analyses are undertaken, pieces of the model may be upgraded
without requiring extensive modifications to the total model;

(6) Separate the cloud conditions into clear/thin cloud corresponding to an
optical thickness (YOPT)‘IO' and thick cloud for ‘OPT>1°‘ Below Topr" 10
one set of sub-models is assumed to apply, while above it a different set
applies. In many cases these sub-models do not correspond at rOPT-lo.
and so the overall model should only be used for ‘OPT“O and YOPT>>10.
{Further analysis and experiments on the "multiple forward scattering”
region should enable the sub-models to be upgraded, and this inconsistency
removed).

— T

(7) Assume appropriate and simple analytic forms for at-present unknown func-

tions such as the radiance distributions. This enables us to present f
“analytic results (except for the receiver axis offset from the beam axis .
of the incident radiation), which is an aid to a physical understanding r

{

of the situation.
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4,.1.2 Model Flow Chart-Noise

A schematic of the overall downiink single pulse noise equivaient power prop-
agation model is shown in Figure 4-1. Given the input parameters, the path energy
transmission and angular and radiance distributions are derived for the four “exo-

freed Gum) GEE R g

atmospheric” background sources, Then, using additional {nput data, the average
background power for all background sources {s derived, and the noise-equivalent
- optical power for all the noise components.

Figure 4-2 {s a detatled flow diagram of the direct sunlight contribution,
showing the calculations that must occur to arrive at the required output. (The
flow charts for the moonlight, blue sky-light and starlight/zodiacal light are
identical to this one, while the simpler one for the bioluminscence fs shown in #

Figure 4-3): ?

{1) The input parameters are listed in the eight ellipses on the left hand
side of the figure, including source, clear atmosphere, cloud, cloud to
water, air/water interface, water, receiver and signal characteristic
parameters. (The symbols are defined in the glossary in Section 2, and
also in the input discussion in Section 4.2):

(I1) The calculation equations are represented by the rectangular boxes.
Within each box fs the symbol for the parameter to be calculated and the
equation number (from Section 4.3) for the equation to be used to calcu-
late that parameter.

The first quantity calculated is the cloud optical thickness, TOPT‘
since this determines which equation should be used to calculate many

‘ other parameters. Whenever // appears in a rectangular box, ‘he equation
l‘ number preceeding it refers to TOPT “10, while the equation number
following it refers to ToPT <10. Hence, given the value of TopT* the
rest of the models to be used are specifically determined.

{(iil} The second set of calculations performed are of two types:

{a) Path transmission, including Talr e x“'. 1“'. and 1";
(b) Angular and radtance distribution including f.. f“. fw. s, and
f! (QR 300‘)3
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Figure 4-1. Schematic of Typical Single-Pulse Noise Equivalent
Power Downlink Propagation Mode!

4.1.2 (Continued)

{1¥) The path transmission, angular and radiance distribution, source and
receiver parameters are then used to calculate the average background
power due to that source.

(v) The total average background power due to all sources fs then calculated;

(vl) The total average background power, receiver and signal characteristics
are then used to calculate the total noise equivalent optical power.

Figure 4-3 shows the flow chart for calculating the average background
power due to sioluminescence, PBL' This value of PBL enter into
Figure 4-2 in the ;P; calculations.
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4.2 Input Information for Noise Calculation

This section discusses the form (and values in some cases) of the required
inputs to the noise model, in terms of the eight categories: source, clear
atmosphere, cloud, cloud to water, air/water interface, water, receiver and
signal characteristics.

4.2.1 Source

3 There are five sources of the average background, which are treated here as
independent. These sources are: sunlight; moonlight; blue sky-light; starlight/
zodjacal light; and bioluminescence.

It is expected that these sources will be treated rationally when using them
as inputs, so that when sunlight is présent, only the blue-skylight will be expected
with a non-zero value; and when moonlight is considered to be non-zero, only the
starlight/zodiacal 1ight and bioluminescence will be used with non-zero values.

We consider each of the five sources separately.

N
Symbol Description Units
95/2 The half-angle subtended by the sun at the Radians
earth. [ts value is taken as‘
3.65 10”3 radians.
L Effective exo-atmospheric spectral radtance of \iatts/(meters)2

the sun. This is the result of taking the (steradfans )x(microns)
exo-atmospheric irradiance of the sun and

treating it as a hemispheral source. The

result 152 (2000/-) = 635.62 watts/(meters)?

(steradians)(micron) over the blue-green

region.

4-9
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4.2.1 (Continyed)

Moon
Symbo! Description Units
m/2 The half-angle subtended by the moon at the Radians
earth. Its value is equal to3 65/2 .
4.65 (10°3) radians.
Lm Effective exo-atmospheric spectral radiance 1441
of the moon. As for the sun, this is the (Meters)“(Steradtans)(Microns)
result of taking the exo-atmospheric irradiance
of the moon and taking it as a hemispherical
source. The result is® (4.3/n) {1073) =
1.37 (1073) watts/ (meters)? (Steradians)
(microns) for a full moon in the blue-green
region.
Blue Skylight
523921 Description Units
L8 Effective exo-atmospheric spectral Watts
radiance of the blue-sky light. This (Meters)zzSterad1ans)(H1crons)

is estimated from a private communt-
catfon [from L. Stotts of NOSC) to be
100 watts/ Bweter)z {srad) (micron}].

4-10




4.2.1 (Continyed)

Starlight/Zodfacal Light

Symbol Descripti:n Units
Lz tEffective exo-atmospheric spectral [uatts/(meters)2
radiance due to all non-lunar night time (Steradians ) (microns)]

sources. The value6 is 3 (10'6) [watts/
(meters)z(srad)(micron)] in the blue-green
spectral region.

Bioluminescence

Symbol Description Units
LBL Spectral irradiance of the ambient Luatts/(meters)2
bioluminesce sources at the apertyre of {microns)]

the submarine receiver. The value for
this par;ﬁeter is least well known of all
the background contributors. We use the
values provided in the SAOCS RFP, so
that7 LBL . (10'3) natts/m2 microns.

4.2.2 Clear Atmosphere

The required parameters are:

Symbol Description Units
b Effective clear atmospheric optical thickness.
For a zenith transmission of 70%; b = 0.357

‘su [n-air solar zenith angle Radtans

oy In-air lunar zenith angle Radians
i
U

411
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4.2.3 Cloud

The required parameters are:

Symbo! Description

T Geometric or physical thickness of the cloud.

e Average extinction coefficient of the cloud.

Yy In-air solar zenith angle

*mu In-air lunar zenith angle

~€O0s - The average value of the cosine of the
scattering angle for single scattering within
the cloud.

-0 Single scattering albedo of a cloud particle

4.2.4 (loud to wWater

No parameters in this area affect the noise properties.

4.2.5 Mater

The required parameters are:

Symbol Description

k’ Diffuse attenuation coefficient of the i'th water
layer.

Thickness of the 1'th water layer
In-water Solar Zenith Angle
In-water Lunar Zenith Angle

Water [ndex of refraction

Root-Mean-Square angle for a single scattering
event in the water.

Scattering coefficient for the entire water path

Depth of the submarine receiver

Units
Meters
(Heters)']
Radians

Radians

Units

(M!.'ters)'1

(Meters)
Radians

Radians

Radians

(Meters)”]

Meters
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4.2.6 Air/vater [nterface

The required parameters are:

. Symbol D_e_ssription M

; fou In-air solar zenith angle Radians
‘mu In-air lunar zenith angle Radians

- v Surface Wind Speed Meters/Second
n Water Index of Refraction

4.2.7 Receiver

The required parameters are:

Symbol Description Units
R Half-angle of the receiver field of view Radians
Q0ff-set angle between the in-water noise source Radians

beam and the receiver optical axis

"R Transmission of the receiver optical chain
] Diameter of the receiver optical apertu-e Meters
Bopt Passband of the optical filter Microns
{kT) Thermal Nofse contribution in the amplifier Joules
Fa Excess amplifier noise over thermal noise
G Gain of the photo-detector
(~e/h ) Responsivity of the photo-surface Amps/HWatts
RL Load Resistance foliowing the photo-detector Ohms
Xd Dark current at the detector cathode Amps
F £xcess notse in the photo-detector gain
0 Depth of the submarine receiver Meters
§oi
{
4-13
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4.2.8 Signal Characteristics

Two parameters from the signal characteristics which enter into the Noise
calculations are:

Symbol Description Unit
ty Time after pulse initiation at which it peaks, Seconds

for a t exp - (t/t") shape.
A
PR Peak value of the received optical signal power. Watts

References for Section 4.2

1. Handbook of Geophysics, Revised fdition (The MacMillan Co., New York, 1960)
pp 17-1, 17-2.

2. Reference 1, p 16-15, Figure 16-10.

3. R.C. Haynes, :ntroduction to Space Science, John Wiley and Sons, (New York,
1971) pp $-5.

4. W.X. Pratt, Laser Communication Systems, John Wiley and Sons (New York, 1969)
p. 123, Figure 6-9.

5. Reference &, p 121, Figure 6-6.
6. Reference 4, p 122, Figure 6-7.

7. T. Flom, P.J. Titterton, et al, "Optical Submarine Coawmunication by Aernspace
Relay {OSCAR),” Secret Report, [nterim Report No. 2, May 1, 1978, Contract
No. N00039-77-C-0100, p 3-22 to 3-24.
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4.3 SUB-MDOELS

! This section develops all the equations used in the calculation of the noise
contribution to the total noise equivalent optical power.

Sections 4.3.1, 4.3.2, 4.3.3, 4.3.4, 4.3.6, and 4.3.7 consider the path trans-
aission of the enerqgy.

Sections 4.3.5 and 4.1.8 consider the angular effects and the distridbution of
the received radiance.

Section 4.3.9 considers the electrical detection bandwidth in terms of the
received pulse width,

In each of these sections, after the equations are developed they are evalu-
ated for typical cases in both tables and figures,

Sections 4.3.10 through 4.3.14 then derive the average background optical

power for the five types of background sources, and Section 4.3.15 presents the
expression for the total noise equivalent optical power due to all noise sources.

4-15
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4.3.1 Clear Atmospheric Transmission-Noise

[n the absence of any clouds or aerosols, the clear atmospheric transmission
is described by the term r“. Using the approximate AFCRL modc1'. the solar (or
lunar) zenith angle dependence is given by:

Ta " exp (-d sec esu). (4-1a,b)

for P solar (or lunar) clear atmospheric transmission
1 b = effective clear atmosphere optical thickness

S0 " solar Zenith angle.
! (For the Tunar case, :_ 15 rerlaced by 3 = lunar zenith angle.)

i The typical value of b is determined by

?a' (:SU » 0) = 0.7 = exp (-b),

or b = 0.357.

Table 4-1 and Figure 4-4 show the values of :a' as a function of solar zenith
angle.

The other two out-of-water sources of background radiation are taken as
uniformly distributed over the hemisphere. Then the effective atmospheric trans-
mission is weighted by the transmission at each zenith angle, or, for the blue-sky
and the stellar sources,

2= =/2 .
/ di[ sin 2 d 2 exp - [b sec 4]

. . 0 Q
‘a 2= =12 -
J{ d j/. stn & g « - i
°e v
3,0 Ep(b) (4-1c, d) 1

for blue sky or stellar background, -
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Table 4-1. Typical Clear Atmospheric Transmission (b=0.357)
L Solar Zenith Angle r". Clear Atmospheric Transmission
0 n 0.7
10 0.7
20 0.68
' 30 0.66
40 0.63
; 50 0.%7
t
j 60 0.49
| 70 0.35
80 0.13
[ %] f
20+
N 3.0 >
i
A
; 4.8
2
E oS
-
i st
<
:
FRIN S
’ A
T8 13 13 2 0B 0 3 4 48 N % & & % 73 W
TENITHMANGLE =3 Ot ¢
~ L
Figure 4-4. Typica) Clear Atmospheric Transmission (b = 0.357)
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with Ez(b) = exponential inteqrelz.

For b = 0.357, EZ (0.357) = 0.42.

References for Section 4.3.1

1. R. A. McClatchey, R. W. Fenn, J. E. A. Selby, F. E. Volz and J. S. Garing
“Optical Prooerties of the Atmosphare (Revised)” AFCRL-71-0279, 10 May 1971.

M. Abramowitz and 1. A. Stegun, editor, Handbook of Mathematical Functions,

NBS Applied Mathematics Series 35, Government Printing Office, November 1970.
p 228.
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4.3.2 Cloud Energy Transmission - Noise

The transmission of sunlight or moonlight by clouds does not have an exneri-
mentally verified expression. Most work in cloud transmission has been a broadband
treatment of transmitted irradiance (uatts/mz). and there have been no experiments
which collected the total enerqgy emerging from thick or thin clouds.

4 Oy

We propose to adopt a number of different (but consistent) models, depending
on the characteristics of the noise source.

For the sun and moon we shall adopt the same model as for the signal
(Section 3.3.2) with the exception that both the sunlight and moonlight do spread
out with zenith angle, and thus the extra cosine factor is always present.

Therefore, for the sun

1 ’ . ‘
; AL B e : v cos :_ . (i.69 - 0.5513 ¢
: cs ;'opt (1 - ~cos ’ 1.42} | su, ] H
4 W3 P S
| +2.7173 feu T 6.9866 syt 7.1446 ‘ou 3.4249 *ou
| W | -
+0.6155 o (x | T YA(l-<cos™) (1), {fom . !—%—)} |
\
exp 4 43 (1-<cos?>) {(1-24) Torr * F%E‘E; i
; 1 - exp - ‘[T (1- <coss>) (1‘w°7 3’0PT l-zc:§“>l]
for ’opt > 10; (8-2a)
L
¢ . 1.69
; . b 1- 0.085 - ’ cos 3 .
| “ opt [10(1- <cos 9>) ¢ 1.&]’[ su
N ' for Topt < 10; (4-2b)
N i
[E f s " COS . for “opt = 0. (4-2¢)
t
] |
l | ———
4-19
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4.3.2 (Continued)
where
Tés = cloud energy transmission of direct sunlight,
Topt s optical thickness of the cloud
<cos 2> = mean cosine of the scattering angle
and
‘su " solar zenith anqle
As before,
opt " T S (4-3)
for T = geometrical thickness of the ¢loud, and " ® mean extinction 6f the cloud.
For the moon
I 1
* { ! |\ {] 2 |
-t . 1COS & 1.69 - 0.5513 3 + 2.7173 ¢ )
9 cm ) Topt (1-<cost>] + T2 muj | my ™y |
- 6.9866 :3 o 7.1846 :3 - 3.4249 ;3 .+ 0.6155 ¢8 |
. Im . 'm . 'm » m :
\ \ / |
. - o ! - .- .—l_'.eg__ ‘1
x '2 V7 (i-<cos=>) (1 -c)% 70PT * [Tetes™ ‘
—— \ ' 1.82
exp - [\[3 (1 -'COS“*)H-»O? FOPT * [Tvcosas
¢ - \ 1.42
(i1 - exp - [2 V3 “"~COS“ ) (1“-»0) }'OPT + m%]
for Topt 2 10; (4-40%
and ‘ ‘ i
ST I . ) 1.69 Y
em T 170-085 1gp ,[10 TT-rcos=>7 + u:]f (cos tpy)®
for Toer G 10 (4-4b)
and
Tem " €08 i for = ¢ * 0. (4-4c)

.

[

.
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(Continued)

where

rcm' = cloud energy transmission of direct moonlight,

and mg " lynar zenitn angle.

The typical energy transmission (for <cos 5> = 0.83) described by
Equations (4-2) and (4-4) is shown in Table 4-2 and Figure 4.5,

The zenith angle dependence for both regimes of Topt is shown in Table 4-3
and fFigure 4-6.

Again there is a discontinuity in the zenith angle dependence at Topt = 10

which we shall ignore, pending a verified model of cloud energy transmission.

The other two out-of-water sources of the ambient background are approximated
as uniform sources distributed across the full hemisphere. Then an extra factor
arises due 0 their distribution in angle of incidence upon the cloud. This extra
factor s given by
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Table 4-2. Typical Energy Transmission for Sunlight and
Moonlight at Zenith (-cos -~ = 0.83, .5 = 1.
Topt’ Optical Thickness Teg ® ’cm.' Cloud Energy Transmis:ion
0 1
2 0.91
4 0.82
6 0.72
8 0.63
10 0.54
20 0.35
30 0.26
40 0.21
50 0.17
60 0.15
70 0.13
80 0.11
90 0.10
100 0.09
1.3
3.0 P
0.8 4
T 37 4
< CLEARL THIN CLOUD 2EGiMe
g st
3
3 ost
-
S 3.4
8
g 03 b
c 02t
o b
° L o % _— e
0 10 20 ¥ 0 P & M © W 100 (10
CPIICAL TMCKNES =V
Figure 4-5. Thick and Thin Cloud Energy Transmission Versus

Optical Thickness, for <cos o> = (,83. w " 1.
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Table 4-3. Zenith Angle Dependence of Sun and Moon Cloud Energy
Transmission (Normalized to 3. = 0 and o 0)

b1’
?...» o lenith Angle Thick Cloud Dependence Thin Cloud Dependence
su (t,0p 2 10) (o0 < 10)
opt - opt -

0 1 1

10 0.96 0.97

20 0.90 0.88

30 0.79 0.75

40 0.66 0.59

50 0.50 0.41

60 0.34 0.25

70 0.20 0.12

80 0.08 0.03

85 0.03 0.008

™ oy oy pu) oo B G I o

1.0 -
- PR P
o Y S .
i |
i 3 0.7 4
{ }
e % l
3.6 -4
- g T
o
| ot .
.. o !
e {
8 da+ =
] ! CLEAR THIN CLOUD REGIME
; 23+
. - i
) by ;
; 3.2 ¢
3 i
i i
b
)
0 s 10 18 2 pe] b b ] ~0 43 0 o0 o« »n 7% ®

SUN MOON TENITH ANG{!-O... oy

Figure 4-6. Thin and Thick Cloud Zenith Angle Dependence of Cloud
Transmission Normalized to Zenith
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4.3.2 (Continued)

for f{3) = ! -0.3262 : + 1.608 :
= ¢cos ¢ for thin clouds
: = zenith angle of the incident light.

2 _ 4.1381 o3 + 4.2276 24 - 2.0266:° +0.3682 :©

Evaluating this integral we find it equals approximately 2/3 for thick clouds and
1/2 for thin ones.

Therefore, for the blue sky background, the cloud energy transmission is given

by
l . 2 1.69 1.42
i . . - 2V3(1- <cos =>) (1- )} ¢  —— |
| €8 5,=°pt (1- ~cos =-) + 1.42“ -0 : Pt T .cos o |

. !

., La ¢
Pt ) lcos o i

exp - [V3(1- -cos -} (1-5)

: - exp -|2V3(1- <cos =-) (1-_0) ;’opt . — t %
for tope > 10, (A-Sa)é
. , ‘ |
| - %' 19-9%8 opt g (11:): i) ¢ 1.42
; for “opt 10, (4-5b)1 !
2 ang  -.g® 1 for “opt” 0. (4-5¢; ! i
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4.3.2 (Continued)

The discontinuity at ’opt = 10 is again present, and again neglected until a
better experimentally-verified model is derived.

Note tquatfons (4-Sa, b) are independent of solar zenith angle. However, the
strength of the radiance incident from the blue sky does depend on solar zenith
angle.

For the moonless night case, the stellar/zodiacal light cloud energy trans-

POy ]

v {1- <cos #>} ¢ 1.42

v

mission 1s given by
1.69
1.42
: 2V3(1-+cos 57) (lewn) | {:. .+
1‘09 H 0 ’ ot l<cos s ‘

g ‘e
|
§

S K . - .
exp - |V3{l- <cos 3~) (1 ,0) ; opt +  1.42 :
l-<cos <>

! 1 - exp - |2V3{l--cos &-) (1--0) }"opt + 1.42 ‘

]

1

|

!

; 1--cos =~ (4-6a) i

; ;

andg ‘ !

:'CZ- l 1 - 0.085 tODt 1.69 ' :

2 10 (l-«cos #-) ¢ 1.42 ) 'i

for “opt -10, {4-6b) f

J

. 1

 and |
2" 1. for "opt' 0 (4-6c)

Table 4-4 and Figure 4-7 show a typical cloud energy transmission as a function
of cloud optical thickness for these uniform sources of ambient background.




D sYywANA

[ ERY - LIl g
“r1Team (vvaam

Table 4-4. Typical Cloud Energy Trans—ission for Blue Skylight and
Stellar/Zodiacal Light {-cos =+~ = J.33, -0-1.
f
; j i - o L
| Topt® Optical Thickness bt Tez Cloud Energy Transmission
i 0 1
i 2 0.46
| 4 0.4
; 6 0.36
, 8 0.32
§ 10 0.27 (thin); 0.36 (thick)
: 20 0.23
. 30 0.17
I 40 0.14
; 50 o.n
f 60 0.1
! 70 0.087
80 c.073
0 ; 0.067
100 : 0.06
o ) g =Y Y s Y R T Y R ]l
§
4;
i
- SULAR a1 30D VEG imE 1
g 2k ".
é Y4 4:
: o |
g dam -
S
o Ha -4
! MFELSICN TEGHmE
1k 5
{
JL A A A e A A e e -
z 3 X x &0 L o] 0 ~ o« ° 130

CPHICAL TMICKNESS ~ ° om0

Figure 4.7 Typical Cloud Energy Transmission for Blue
Skylight and Stellar Light (<cos e> = 0.83, ~0-1.)
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4.3.3 Cloud to Water Energy Transmission - Noise

Because the sun and moon are effectively sources of infinite plane waves, and
the blue sky and stellar background cover the entire hemisphere, there is no “spot"
or “beam" enlargement in propagating from the cloud base to the water surface.

Therefore, the transmission of noise energy from cloud base to the water surface
- is given by:

PR T (4-7)

for all cloud conditions.

-

oar
o
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4.3.4 Air.dater Transmission - Noise

The enerqgy transmission of the air-water interface is composed of two factors:

aw 0 (Tay 1) X (T, 2) (4-8)

T

for r * Tota) enerqy transmission of air.water interface

aw
Taw 1 ° direwater interface transmission due to index of refraction
discontinyity

fa.'z * air water interface transmission due tn foam and streaks on the
sea surface.

™is section treats 7', 1 while r ', o fs discussed fn Section 4.3.0. For thin
clouds and clear weather (- ,,, ¢10) the solar and lunar energy transmfssion is
aaain given as a function of wind speed and solar/lunar genith angle in

Tadble 4-5 and Figure d-g.

For 3iffuyse or uniform radiation incident on the sea-surface, we use the
approximation in Section 3.3.4 {which neglects wave effects) and take 1“~,- 0.83.

L_r 'a- 1s * V.33, Topr 210 (4-9)

— -
T odw im ® U.83, Topt 210 ‘ (4-10)

and for dlue sky

|

r

. (4-11)
-

T aw 18 " J.83. all values of oo,

b

and for stellar zodiacal liant,

|

!

' 7'3, 12 ¢ 0.83, 811 values of rype (4=12)
-

s
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Table 8-5. ', ) /%" Time Averaged Downlink Afr Sea Interface

awim
Transmittance (for Thin Clouds, opt = 10)

-
: A V1 Wing Speed

S

z::.: 0 10 208 "2 23 193 134 s | wewm
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0 osms o1 0876 | o8¢ o0 ase7 | 0363 | o000 | 0388

H 0971s (X1 osn ; asro 0966 | 0363 | 0% 0956 0982

10 0964 o 096! . 0950 098 | o1 | 0se %44 034!

18 0848 | 0% | 03 00 093 | 0333 092y 0s2 | o
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0 0847 | 0848 0844 o84t o8 0833 08 0826 0822 !
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Figure 3-5. Afr-Ses Interface Transmittance as & Function of Sun or Moon
lenith Angle and Surface Wind Speed V
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34.3.5 Air-dater Interface Angular Effects - Noise

The wave slopes on the sea surface cause an overall increase in the beam diver-
gence of an incident beam, or, equivalently, the apparent angular size of the
source as viewed from an underwater point-of-view. dith regard to the dackground
sources, only the sun and moon for clear weather conditions (7o5¢ <10) will de
appreciadly affected.

Again, using the Xarp model discussed in Section 3.3.5,

A0 2 0.0103 ¥1/2, (7p, <10) (4-13a)

for 3o :: » AMS induced half-angle spread for the sun;

30 :: = AMS induced half-angle spread for the moon.

v « surface wind speed in knots.

8.2 '
a0 Lt 0, (4-14)

for ;v"u = effect on dlue sky source;

a_z » effect on stellar/zodiacal source

303U Lo, (Thpp 210 (4-13b)

Also aw

since the 11ght is diffuse after emerging from the thick clouds.
Tadles 4-6 and Fiqure 4-9 evaluate (4-13a) for v in knuts (and meters per second).

Siace the full angular subtense of the sun {and the moon) is &0.5 degres, this
effect will sybstantially increase 1ts apparent size. The relative contribution of
A0y, to the distridution of noise radiance at the receiver is discussed in
Section 4.3.3. Except for the clearest water it is a smal) effect, and so the
impact of neglecting zenith angle effects, and dissimilar wave slopes in the down-
wind and crosswind direction, may be negligidble. We therefore adopt this model
until better information s avatladle.
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Table 4-0. RMS Air-dater Interf--e Induced Half-Angle Effects ('opt <10}
Sun and/or Moon

L V. Wind Speed A0, suorm

I Knots Meters/Second MiTT1radians ,___ Degrees

| 0 0 0 | 0

| 1.03 14.6 | 0.84 !
; 2.06 | 20.7 | 1.18

| | 412 | 29.2 | 1.67 |
L1 : 7.21 3 38.6 .21 |
S . 10.3 ! 46.2 ! 2.65 |
% | 13.4 52.6 | 3.0 !
; 32 | 16.5 ‘ 58.4 ‘ 3.35 !
. 19.6 | 63.6 ! 3.64 |

SWAFALE AND SPEED -« ewreny sex

- ;.0 4 ' s 18 [ 19,1} 1.4 tell 18,3 0.8 .
!
1
1 i
i3 -
3? §
313 x
2
i
=
-
£
8

3 i Fe A A A A A A A e L A A A 4 - A .y

30 & 8 8 8 17 4 6 W XD N M B B3 X N U ¥ »n

WAREACE wIND SPERD KNC TS = v

Figure 4.9  RMS Afr-Water Interface t£ffect as a Function of Wind Speed V
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4.3.6 Relative Surface Foam Coverage

The energy transmission of the air-water interface is composed of two factors:

-t

Caw U 1) XUy )

for 7',, = Tota) energy transmission of the air-water interface

T "" atr water interface transamission due to index of refraction
discontinuity

and r ',,2 * air water interface transmission due to foam and streaks on the
water surface.

™is section treats r’ while r' o1 has been treated in Section 4.3.4.

awl®

The surface foam coverage and its effects are taken to be independent of the
noise source and cloud conditions. As discussed in Section 3.3.6, for a foam
aldedo = 1,

v ae2 * 1 - (1.2 (10°5) ) v3.3, v <9 w/sec, (4-15a)

ang| r a2 ¢ 1 - (1.2 (19°5) ) v3.3 (0.225v-0.99) .V -9 m/sec.l (4~150)

for V « surface wing speed in meters/sec.

Equation (4-15a.b) 1s evaluated in Table 4.7 and Figure 4-10 for V in knots (and
meters,/second}.

Although this model neglects zenith angle effects we shall adoot it pending
further experimental work.
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Table 4-7. Air Water Energy Transmission ODue to Surface Foam ang Streaks
(Assuming a Foam/Streak Aldbedo = 1)

[ ¥, Wind Speed

g Knots Meters/Second T w2

| 0 0 ! 1

| 2 1.03 1

| 4 g 2.06 1

| 8 ! 412 1

; 13 | 7.21 | 0.99
f 20 ! 10.3 | 0.9
{ 26 | 13.4 ' G.8?
f 32 ; 16.5 0.66
. 38 | 19.6 0.25

’ owi
b
-
T -

PUAM SPEAK W8I ACE MAPIMISILI -- ¢

/

~r

A A A A A A A Y A A A
[

A A o
[ i 12 ‘a e L] x n i » » » n M » »
HAFACE WIND SPEED KNCTS. = v

o}

Figure 4-.0. Foam/Streak Surface Coverage Transmission Versus Surface Wind
Soeed
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4.3.7 water Energy Transmission - Noise

The energy transmission of the water is denoted dy Tu'. The angularly
. localized noise sources (sun and moon) behave similarly to the signal energy

= transmission discussed in Section 3.3.7, thys we take:
. J
| \Z (kD)
"-su s exp -' =t (4-1648)
cos o,
for l :'SU » sin.l ; % sin ‘su:
J
and S 000,
=1l
where ky = diffuse attenuation coefficient for the i'th water layer;

D¢ = thickness of the i'th water layer
D = receiver depth
n = sea-water index of refraction

tey” ¢ in-water solar zenith angle

You s {n-afr solar zenith anqle;
‘ \" (k0 ))
and Pt = exp - (4-17a)
b ( cos ¢
r- for '
H R -1 ‘_1_ /
R sin ;n sin Qw‘
i° J
H ™ - -
and Z 0‘ 0. ODt - 10'
li {=]
where ;:u « in-water lunar zenith angle;
~ = {n-gir lunar zenith angle.
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4.3.7 (Continued)

Moreover for the thick cloud conditions,

|
{ b
et L - ! € - ~ -
iy exp Y kD1 for zo, 100 (4-16b)
in] !
L J
and, in the same way
‘ 3 ! 1
iyt €YD - Yy k0, ‘ ., for “opt 10. (4-17b)
) 1'1 !
For the blue sky and starlight/zodiacal light background sources, the same
models should approxirately apply for all '.opt. Therefore,
g ; 1
l-:‘s = .exp - 2 kioit , for al) “opt” , {4-18) '-F
L is] |
? and
$ |
.QZ * exp - 5: kini . for all Topt’ % (4-19)
L el J

This =~odel i{s uncertain in
The vaiues of "1 to use;
i<} The values of Di‘

{3} 1its applicability fn very clear water and’/or at shallow receiver depths.

It 1s the best model available now and it will be revised when better informa-
%2ion becomes available.
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4.3.8 Water Distribution of Radiance - Noise

There is no experimentally verified expression for the in-water distribution
of background radiance as a function of source character, source zenith angle,
water properties and receiver depth. As discussed in Section 3.3.8, we therefore
adopt tne expression

2
1 - [sin "

sin 3
as an estimate of the angular distribution, with

3" » in-water angle measured from the axis, or principal ray of the noise
source.

) is related %0 the half power point of the received radiance by the equation

[
! 1-(cos 1, ) -1 Vcos (5, ) sin’ (s, ) +2cos (¢ ) -ZQ
2 2 y y Y
| S STTCP 2 2 2 |
{ 1 - cos gy - i I cos sg sinS 1y ¢ 2 cos iy - 2 Q (4-20a)
LAi 3 sin2 % !

Equation (d4-20a}) is evaluated in Table 4-8. Values between those Shown are obtained
by iinear interpolation.

Again assuming that the in-air incident beam spread, afir-water beam spread and

in-water scattering induced spread are statistically independent effects, we adopt

the NOSC' mode!:

L

O Vi {f- * faw * f.] iz, (4-200)
for all four out-of-water background sources. For solar and lunar sources
f. ® water contridution
S ;‘s‘s'g_u » Al tgpy (4-21a)
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Table 4-8. Relation of radiance zero point, 5. and received radiance
half-power point, :i. for 1 - (sin ¢%/sin 3g)¢ radiance

distribution
T s ¥ 1
1, (degrees) 1, (degrees) |
/2 2 |
Y 5 |
7.6 10 ‘
11.4 15 ]
15.2 20 !
19.0 25 i
22.7 30
26.5 35
30.2 40
33.3 45
37.3 50
' 41.1 85
4.6 60
.1 65
. 51.6 T
! 33.3 7
i 58.¢ l 80

4.3.8 (Continued)

2 s D
and £ e 6 2 Y , all = I
w sl cos :u (0]
"y ¥

while for the disiridbuted background sources of blue sky and stellar/zodiacal
1ight,

2 =
' f' - ‘si SD. d” .'OpT

for gi * mean square single scattering angle in water

.—

s = scattering coefficient in water
0 = recetiver depth
:s: = i{n-water solar gzenith angle

* {n.water lunar zenith angle.

(4-22a)

(4-23a)
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4.3.8 (Continyed)

Again, for solar and lunar sources

. We oL
faw (0.0103 v*) T0PT < 10 14-21b), (4-22b)

= 0 > 10. (4-21c), (8-22¢)

* TopT

¥ = surface wind speed (knots), as discussed in Section 4.3.5.

For the distributed sources,

faw = 0. a1 = . ! (4-23b)
i AJ
Finally, for the sun and moon,
N 2
fa (F) ( .s/z)Z; pr €10 (4-210)
- (33.8°)2, o0 10 (4-21e)
1 2 . 2
» (33.8°)2; cpy 0. | (8-22e)
for n * water index of refraction,

“e/2 = half the angular substense of the sun (~(1'4)°*)

and “ms2 = half the anqular substense of the moon (~(1/4)°)

These equations have been discussed and derived in Section 3.3.8. For the
4istriduted sources,

£, (338002 a1 e,
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4.3.3 (Continued)

In general, the receiver will be directly viewing the signal, while the back-
ground source enters at an off-axis angle. Ther the fraction of the noise radiance
wnich enters the receiver is given by

| L o\ 2 i
; dr d ;" sin [1—<sm 'S ) ‘
i

. 0 2

7 [ dﬂj d " sin 2" [1-(51:1 e") ] X
L 0 0 30 g i (4-24a)

!
< - coW

tor [ 7  COS - COS o €COS -+ siIn [ SIn st e,
L

for ‘o = half-angle of the receiver field of view i
s off.set angle between axis of nofse source and receiver optical axis.
This expression will de used further in Section 4.2.10 and 4.2.11. ]

{4-24a) applies to the background sources in thin cloud conditions. Under i
thick cloud conditions, both signal and background will appear to arrive from the X
zenttn, and so :-J. For tnis case.

.
| .- IR : g j
i .~ COS R et r Cos o sInT e * 2 cos A, - ‘:J ! 1
C 2 L R R *
b ‘ 3 sin i } X
Efl':o' q, » - o | (4’24b) {‘
: e R [ccs g SINT g * < COS &g - 2] ! i
, 3 sin iy
L : | .‘
!
1
}
References for Section 4.3.3 i

1. R.E. Howarth, M. E. Myde and W.R., Stone, "Submarine-Aircraft and
Submarine-Satellite Optical Communications System Model (U),”
Confidential Report, NELC-TR-2021, 1977.
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4.3.9 Detection Bandwidth

The reguired electrica) detection bandwidth to optimally detect the pulses
discussed in Section 3.3.9 is not known at present. In lieu of such & result we
assume:

1} The receiver has foreknowledge of the expected pulse width;

0.4 .
2) | 8 (2.45 t) (4-25)
for 8 = electrical detection bandwith
tm = time at which pulse peak value occurs after pulse start, for a

pulse shape fi{t) v t exp - (t/tm).

for gaussian shaped pulses’and detection filter, (4-25) is the nearly optimum
2atch.* As further work is done in the area of the real pulses to be expected
here, (4.25) may be revised.

Equation 4-25 is evaluated in Table 4-9 and Figure 4-1] for the pulse-widths
and optical thicknesses developed {n Section 1,31.9,

Table 3-9. Typical Detection Bandwidths for Pulse wWidth Conditions of Table 3-1]

1 T

“opt ! T L oAte ity { B }
Cptical *hickness Geom. Thickness Pulsewidth : Peak Time ][Etection Bandwidth |
{km) L (usec) (.sec) (kH2) |
10 0.2 . 115 0.47 348 |
20 0.5 3.55 1.49 110 |
30 0.7% . 7.08 2.89 56.5 !
40 1.00 R d 4.6 35.5 |
50 1.2 16,13 6.58 24.8 |
60 1.50 L 21.55 8.8 : 13.6 f
70 1.75 Po27.48 0 .22 14.6 i

80 2.00 | 3393 . 13.85 ! 11.8

90 . 2.25 | 40.88 16.69 | 9.8
100 | 2.50 48.25 i 19.7 ! 8.3 |

*N.P. Westman, Ecitor, Feference Data for Radio Engineer, Fifth Edition. p. 29-5,
(M., W. Sams & Co., New York, 1969).
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4.3.10 Average Background Power Due to Sunlight

The average optical background power in the receiver due to the sun is given
by an equation analogous to that developed in Section 3.3.10 for the received optical
signal energy. e therefore take

Psu » (Spectral Radiance at Receiver Aperture Due to Sun) X
{Receiver optics transmission) X (Receiver Area) X
(Receiver optical filter banpass) x (Receiver Solid Angle) X

{(Fraction of incident radiance in this receiver field of view).

(4-26)
We take
'R = Receiver optics transmission
3 * Recelver aperture diameter
:g— » Area of recefver sjervtine
aopt s Recefver cptical filter bancrecs
“g v Half-Angle of the receiver field of view
Zs(l-cos-R?' Receiver field of view sol‘d argle
Lsu * Spectral Radiance at Receiver aperture due to the sun
and
f'(:o.fa. ; = fraction of incident radfance within recetiver field of view.
Then
i =
‘ > -¢° £ | 4.27
b4 A} - - ¢ ’ ? . - . £ . [l -
| su Llr 1 Bopt 2= (1 - cos 'p) {‘o ar V) : (4-27)

Because the sun is a CW source, we use the energy transmission formalism to
develop the expression:

e
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4.3.10 (Continued)

Lsu s (Exo-atmospheric effective solar radiance) X

(Clear Atmosphere Energy Transmission) X (Cloud Energy Transmission) X

4 (Cloud to Water cnergy Transmission) X
(Afr-water Interface Energy Transmission) x (Water Energy Transmission),
(4-28)
‘ and we use
L, = Exo-atmospheric effective solar radiance :
" Clear atmosphere energy transmission, as discussed in Section 4.3.1; ;
:c; * (loud energy transmission, as discussed in Section 4.3.2; |
’cw' s (loud to water energy transmission, as discussed in Section 4.3.3;
’a-; = Air-water energy transmission, as discussed in Sections 4.3.4 and 4.3.6;
ngu * Water energy transmission, as discussécC ir Secticn 4.3.7.

Gathering these expressions we find

You "t e Tes Tow Caws Cwsu “] (4-29)

The fraction of incident radiance within the receiver field of view depends on
the angular separation between the axis of the receiver field of view and the in-water
solar zenith angle, as developed in Section 4.3.8,

4-44
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4.3.10 (Continued)
2 ) T
R w'
-fo defo d o" sin ¢" - [sin e
[ . \') s s‘n :0 .
; ("R' ‘0 2+ 2
| 9% L% W w1 [sin "
de sin (4-130)
Q 0 sin 30
;, for " = cos {cos " cos Squ * sin ¢ sin toup SiN e} (4-31)

and ‘SR " angular separation between solar beam axis and receiver optical axis,
g " off so’ar beam axis angle at which the solar radiance goes to zero.

These expressions will be used in the development of the Noise Equivalent
Power expression in Section 4.3.15.
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4.3.11 Average Background Power Due to Moonlight

The average optical background power in the receiver due to the moon is

completely analogous to that for the sun discussed in Section 4.3.10. We therefore
taxe

Pm = (Spectral Radiance at Receiver Aperture Due to Moon) X
(Receiver optics transmission) X (Receiver area) X
(Receiver optical filter bandpass) X (Receiver Solid Angle) X
(Fraction of incident radiance within the receiver field of view).
(4-32)

Receiver optics transmission,

Receiver aperture diameter,

Area of receiver aperture,

Qeceiver optical filter bandpass,
Half-Angle of the Receiver Field of View
Receiver field of view solid angle

Spectral radtance at receiver aperture due to moon

Fraction of incident radiance within recetiver field of view.

2= (1 - cos ap) ) ' (25 “ge £)
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4.3.11 (Continued)

: Because the moon is a CW source, we use the energy transmission formalism to
. develop the expression:

boy ® (Exo-atmospheric effective lunar radiance) X
(Clear atmosphere energy transmission) X (Cloud energy transmission) X
(Cloud to water energy transmission) X
(Air-Water interface energy transmission) X
(Mater energy transmission), (4-34)

and we use

Lm = Exo-atmospheric effective lunar radiance;

-

= Clear atmosphere enerqy transmission, as discussed in Section 4.3.1

‘om * Cloud energy transmission, as discussed in Section 4.3.2.

1 " = Cloud to water energy transmission, as discussed in Section 4.3.3

Cw

:é'm = Afr-Water energy transmission as discussed in Sec%ion 4.3.4, and 4.3.6.
ard

?;mu = Water enerqgy trassmission, as discussed in Section 4.3.7

Gathering the various expressions we find

|

S LI - . 2
! e V) m 3 c¢m COw awm  wiiy

(4-35)

As for the sunlight, the fraction of incident lunar radiance within the receiver
field of view depends on the angular separation between the optical axis of the
receiver field of view and the in-water lunar zenith angle. As developed in
Section 4.3.8,
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4.3.11 (Continued)

fzgdefakdwi " 1 sin ™
f' (3g09g:8) = J O g 9 sino - 3¢
Sineo

2

2+ ’
fo e f D a" sin " 1-(sih e") ‘
0

sin 90 (4’36)

:". . cos™? {cos 3" cos L " sin Ygr SN e}
‘ (4-37)

st = Angular separation between lunar beam axis and receiver optical axis
3 ° Off lunar beam axis angle at which the lunar radiance goes to 2ero.

These expressions will be usea in the deveiopment of the Noise Equivalent Power
expression in Section 4.3.15.

o — oo - - - -
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4.5.12 Average Background Power Due to Blue Skylight

The average optical background power 1n the receiver due to the blue skylight
fs partially analogous to that for the sun and moon discussed in-Sections 4.3.10
and 4.3.11. We therefore take, for the average optical background power due to
blue skylight:

PaS = (Spectral Radiance at Receiver Aperture due to the Blue Sky) X
(Receiver optics transmission) X (Receiver area) X
(Receiver optical filter bandpass) X (Receiver solid angle) X
(Fraction of incident radiance ~ithin the receiver field of view).

(4-38)
We take

"o * Receiver optics transmission;

R
d = Receiver aperture diameter,
n
(S

Area of receiver aperture;

1

8 » Receiver optical filter bandpass
‘R " Half-Angle of the Receiver field of view
2 (1 - cos *,' = Recetver field of view solid angle
LSS = Spectral radiance at receive; aperture due to the blue skylight,

L Yige Tme *} = Fractton of tncident radiance within receiver field of view,

2
= K} .‘d - ! - o \ ' - m H -
! DBS LBS ( R(T)) BOOt 2= {1 cos R’ f ('O' R ) (4 39)

Because the blue skylight is a cw source, we use the energy transmission
formaltism o develop the expression:

Lgs * {Clear sky exo-atmospheric effective radfance) X
(Clear atmospheric transmission) X (Cloud energy transmission) X
{Cloud to Water EnerQy“Transuission) X
(Air-water Interface Energy Transmission) X (Water Energy Transmission)

(4-40)
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4.3.12 /Continued)

and we use ;

Lg * Clear sky exo-atmospheric effective radiance. ;
Ta' = (lear atmospheric transmission, as discussed in Section 4.3.1,

’CB * Cloud energy transmission, as discussed in Section 4.3.2,

:C" * Cloud to water energy transmission as discussed in Section 4.3.3,

’a;B = Air-water energy transmission, as discussed in Sections 4.3.4 and 4.3.6,

:'é « Water energy transmission, as discussed in Section 4.3.7.
Gathering the expressions we find

» [ as * Lg Ta (b Tow Tawd e (4-41)

Again, the fraction of blue-sky radiance within the receiver field of view

is given by
' 1

[

w

» cos™} [cos +" cos sgg * stn T sin fop sin e ]
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4.3.12 (Continued)

and SgR * O0ff zenith pointing angle of the receiver axis,
while

" Off-zenith angle at which the blue sky radiance goes to zero.

These expressions will be used in the development of the Noise Equivalent
Optical Power expression in Section 4.3.15,

|
] |

s s R
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4.3.13 Average Background Power Due to Stellar/Zodiacal Light

The average optical background power in the receiver due to the nighttime
distributed sources of stellar and zodiacal light follows the patterns established
in the previous three sections. We take, for the average 2ptical background power
due to these sources:

PZ = (Spectral radiance at receiver aperture due to the stellar/
lodiacal light) X (Receiver optics transmission) X
(Receiver Area) X (Receiver optical filter bandpass) X
(Receiver solid angle) X (Fraction of incident radiance within
the receiver field-of-view). (4-44)

We again ‘ake

R " Receiver optics transmission,
d = Receiver aperture diameter,
2

—g~ = Area of receiver aperture,

BOPT = Receiver optical filter bandpass;

X%
L]

Half-Angle of the receiver field-of-view;

2- {l-cos p) * Receiver field-of-view solid angle:

LZS = Spectral radiance at receiver aperture due to the stellar/zodiacal
light;
f (:°.~q. , = Fraction of incident radiance within the receiver field-of-view:
N " Off-axts angle at which the received radiance goes to zero, as
discussed in Section 4,3.8.
Then,
1
(£)
- - i - ' > v < -4
i pz L LZS 'R T BOPT (L"? (l COS QR))f (-ov XRD ) (4 ‘-')
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4.3.13 (Continyed)

Because this backqround source is cw, we use the energy transmission formalism
to develop the expression:

LZS = (Stellar’Zodfacal Light Clear Sky Effective Exo-Atmospheric
Radgiance) X (Clear Awtmospheric Transmission) X

(Cloud Energy Transmission) X (Cloud to Water Energy Transmission) X

(Air-water Interface Energy Transmission) X
(Water Energy Transmission) (4-46)

and we use

LZ = Stellar/lodiacal Light Clear Sky Effective Exo-Atmospheric Radiance,

:a' = (lear Atmospheric Transmission, as ciscussed in Section 4.3.1,

. * Cloud tnerqy Transmission, as discussed in Sec¢tion 4.3.2,

‘ow " Cioud to Water Energy Transmission, as discussed in Section 4.3.3,

Tz Alr-Water [nterface fnergy Transm'ssion, as discussed in

Sections 4.3.4 and 4.3.6,

;"'z s Water £nergy Transmssion, as 2iscussed 1n Section 4.3.7.

Gathering the expressions we find:

a ! .t - - .
LZS S2oa €2 Tow jawl w2

(4-47)

]

Again, the fraction of stellar/zodiacal radiance within the receiver field-of-
view is given by

! 5 ]

' < R " w' !
‘ I G'-I d: sin s 1- [ sin : ) |
fle 0 o0 i }

a0 0 J sin

9

o ) b4
I -j-:j a;" sin :' 1- sin "
0 b - (2-48)

N
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4.3.13 (Continued)

w' -1 .
for = cos [C°S :

4 = Qff-zenith pointing angle of the receiver axis.

w . . w .
* + 1 b g .-
cos r sin 3 sin Sop sin ]

bd
These expressions will be used in the development of the Noise tquivalent

Jptical Power expression in Section 4.3.15.

4-54
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4.3.14 Average Background Power Due to Bioluminescence

The final source of optical background power is the local bioluminescent sources
which are stimulated to emit by the submarine motion, or other disturbances in the
water. This is modelled in a slightly different way than the previous four sources,
and cloud and water properties have only an indirect effect on this source strength.
We therefore write for the average background power due to bioluminescence,

PBL s (Spectral irradiance at receiver aperture due to bioluminescence) X
(Receiver Optics Transmission) X (Receiver Area) X
{Receiver Optical Filter Bandpass). (4-50)

and we set

LaL » Spectral irradiance at receiver aperture due to bioluminescence,

Receiver Qptics Transmission,

a
.

Jiameter of Receiver Aperture,

i
‘1‘1,
L]

Area of Receiver Aperture,

BGPT = Jdptical Filter Bandpass .

Therefore,

o

-d— I
o * LBL('R (T‘))%;T g (4-51)
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$.3.15 nNoise Equivalent Optical Power Dependence On Noise Sources

1

In general, a direct detection optical communication system has four indepen-
dent noise contridbutions, which include thermal (or amplifier) noise, dark current

detector noise, signal shot noise and background shot noise.

sources insofar as they generate fluctuations in the electrical current present in
It is conventional to write the "noise” as the l-u point of
the fluctuating electrical current, assuming the noise sources add independently

the detection system,

and are steady in character.

Because we have derived a signal level in terms of the instantaneous recefved
optical power, it 1s appropriate to describe the noise components in terms of a
Noise Equivalent (Optical) Power, as derived from the post-detection electrical

DOower .

se write, for a phutomultiplier tube type of detector,

N

- VEPeot ["Ep{h . prgc
L

. 2 1/2
. NiP;s . NEPBJ .

for
NEP, ¢ * Total Notse Equivalent (Optical) Power due to all sources
NEP,, = Noise equivalent optical power due to thermal or amplifier noise
NEP4c = Notse equivalent optical power due to photo-detector dark current
NEP¢, = Yoise eaquivalent optical power due to shot-notse generated by the
staonal
NEFs * Notse equivalent optical power due to shot-noise qenerated dy the

Backgrouna.

4-56
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I 1.3.15 (Continued)
: for

{kT) = therma)l noise energy « (Boltzman's constant) X (Absolute Temperature)
@ 8 = electrical detection bandwidth, as discussed in Section 4.3.9
: G = Detection gain
~ = Photo surface quantum efficiency
e = charge on the electron
h. = enerqy per signal photon

“e/h = photo-surface responsivity

S e TR TR TR T

RL 2 10ad resistance

Fy = Mmplifier noise figure.

For the dark current contridution,
(ﬁ 2 1/2 ] 1/2
i 2e8FG I R leBF
' 4 5
NEP.. » . ——71 . (4-54)
) oc 2 2 {~e/h.)
: G ("Q/h\) RL ' J
i 4
for
F = excess noise in the detector gain
and l4 = darx current at the photo-cathode.
For the signal shot nofse contridution,
¥
l on 1,2 A 1/2
| 2eBF (~e/m) GPR 2eBFP (4.55)
NEP_ ¢ b = . "Z_—_-3_B )
{ $s 3¢ (~e/m)€ R, (ne/M.

A
for Py = peak received optical signal power at the photo surface, as discussed in
Section 1.3.10.

Finally, the C¥ bickground contridutes
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4.3.15 (Continued)

r
: 2 { 1/2 § 1/2
| . eBF G (re/hy) RL { PB ) 2eBF ; P8
5 NEPB . ve — 1 | — (4-56)
? G° (~e/n )" R (~e/nv)
L L
. \
for ¥ Pg * P *Pa * Pas * Pt Py o (8-57)
far
Ow s Average background power due to sunlight, as discussed in Section 4.3.10;
Pm‘ = Average background power due to0 moonlight, as discussed in
Section 4.3.11,
pSS « Average background power due to blue skylight, as discussed in
Section 4.3.12.
P. + Average background power due to stellar/zodtacal light, as discussed
tn Section 1.3.13;
and PS,L « Average bSackground power due to bioluminescence, as discussed in

Section 4 .3.148,

"wo COmments are in order at this point:

1. if the signal shot noise dominates the noise components, the formulation

should be re-evamined to insure that enough photo-electrons are being

senerated to maxe it applicable;

[ ]

time, which will be accounted for in the time-of-day modeling of the

respective spectral radiances.

Not all the average background contributors will be present at any one
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4.4 COMPUTER PROGRAM FOR COMPLETE SPOPM

4.4.] introduction

Figures 3-2 and 4-2 praovided the basis for the computer program to perform
calculations for the Single Pulse Downlink Propagation Model (SPOPM). The program
is blocked out as shown in Figure 4-12.

Parameters whicn may be varied often are read from a data file, SPPM DATA,
Tne values can be cnanged by editing this file.

The main program, SPPM, will display all parameter values prior to execution,
then read pa-ameter values for {ts use. Initial calculations are followed by a
drancnh to one of the three cases: hin cloud, thick cloud, and clear atmosphere.

dithin each case, signal calculations are performed first. This is followed
Dy noise contritutions from sun, moon, blue sky, stellar and zodiacal lignt, and
dioluminescence. The final calcuiations include NEP's and the output follows.

There ts a lirited error message capability, Primarily to handle cases where
certain variaples fail outside allowable limits,

Special functions can be used by ail three cases. These include looKup tables
and a numerical doudbie integrai.

4.4.2 Names of Jariables

decause of the limitation of available cnaracters in the FCRTRAN [V programming
# ' languagze, many variables used in previous sections of this document required redefi-
nition. wherever possible, names were kept the same or very similar:
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3D sywaaa
TEXT PROGRAM DEFINITION
c C Speed of light
Id {0 Photocathode dark current

Jther variables were changed to a greater extent, but an attempt was made to make
the new name easily understandable and relatable to the text name:

TEXT PROGRAM DEFINITION

B BWE tlectrical Detection
Bandwidth

BOPT 8wWOPT Receiver Optical Filter
Bandpass (Bandwidth)

0 DEPR Receiver Depth

Because of the large number of %ext variables involving T, : and ¢, many
cf these required redefinition, First all angles { .} were redefined to start

with letters other tnan 7 (see below). Most program T variables are transmissions,
witn the following exceptions:

TEXT PROGRAM DEFINITION

b TAB> Absolute Temperature

Di THWC im water layer thirkness

T THGC Geometrical Cloud
thickness

5 THOPTA Effective Clear Atmosphere
Uptical Thickness

"OPT THOPTC Cloud Optical Thickness

t 71 Time variable

e TIPEAK Time of rulse peak, relative

to pulse start

There are also several orogram internal variables beginning with T which have
no couterpart in the text.

The large number of transmissions have led to a systematizaiton of these. They
are all of the following form:
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4.4.2 (Continued)

G &) )

where T signifies transmission; A or AA is a one or two letter designation for the
energy source;, B or BB, for the medium or interface; C, a further description if

necessary,
A \A 8, 88 C
SG - signal A-air F - foam + streaks on
surface
S - Sun C - Cloua
M . moon (W - Cloud to water N - index of refraction
8S - Blue Sky AW - Air Water
Interface

l - Stellar/Zodiacal W - hater

Light

T, TSGANN is transmission of the signal through he air-water interface
considering refractive index effects, TZC fs stellar/zodiacal light transmission |

througnh clouds. Tex® variablies wnich correspond are : i and < __. §

aw (o4

Angle variables have Leen renamed to begin with A for non-referenced angles, i
and JA for lenith Angles:

TET PROGE&& DEFINITION i

4 ASCAT Cloud particle mean |
Scattering Angle

be ZASA Solar {n-air zenith

Sy angle

Unfortunately, some variables had to be defined quite differently from text variables:

TExT PROGRAM DEFINITION
NGIER COSACS Mean Cosine of in.
Cloud Scattering
Angle
-2/ RESP Responsivity
d DIAR Receiver aperture
‘ diameter
5 A list relating text and program varfables follows:
4-62
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A

ADLTA = § » Offset angle between receiver optical axis and axis of the
incoming light (signal section)

ACSCAT = = Cloud particle mean scattering angle

ATBWF = 3. = Full angle exp (-2) transmitter beamwidth

AMSW = *g‘ . Mean square single scattering angle in water

ANSW! or ANSH(I)-ég"- Mean square single scattering angle in water for {'th layer

ARFOY = "R " Half angle of the receiver field of view

AS = g2 " Half of the angle subtended by the sun

AM = M2 " Half of the angle subtended by the moon

ARDWSG = :, = Off-axis angle at which in-water radiance goes to zero

ABKHP = Half-power angle of the background radiance

ADLTAS =

ADLTAM = l Offset angle between receiver optical axis and axis of the

ADLTAB = l incoming light

ADLTAZ = «

ARDWNS M ,B,2 = 0y Off-axis angle at which in-water radiance qgoes to zero
(notse section)

8

SBWE = B » Electrical detection bandwidth

BWOPT = 85y = Recetver optical filter bandpass

C

CF » Cf . Fraction of sea surface covered by foam and streaks
C=(C-~ Speed of light

COSACS = -cos=~ = mean cosine of the in-cloud scattering angle
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OEPR = D =
OIAR = ¢ »
OPWW = it
OPWCW = it =

OPWC = :tc a

Fui = €
»

FAu » ¢
aw

FA = fa a

Fdl or F(1) = ¢ . «

f- (-‘ v )
FSG = 0 R Y
f (:00 NRD ‘Sl‘)

Fisg, FiMl, , .
FWBSd, Fwzg "

FAS, FAM, |
FABS, FAZ

fe

Receiver depth

Diameter of receiver aperture

Pulse width due to water portion of the path

Pulse width due to cloud to water portion of the path

pulse width due to cloud portion of the path

Energy to instantaneous power normalization parameter
Total received energy per pulse

Exponential integral

Transmitted enerqy per pulse

Mean extinction coefficient of the cloud

Water contribution to received beam half-.angle
Afr/water interface contribytion to received beam half-angle
Atmospheric contribution to received beam half-angle

Contribution of i'th water layer to received beam half-angle

Fraction of incident radiance within receiver field of view

Noise water contridbution to received beam half-angle

Noise atmospheric contribution to received beam half-angle
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A0S T Smme FYSTOMR SAUAS
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F (Continued)

FANBS, FAWZ
FNS, FNM
FNBS, FNZ

i pad o o HE B B =

Bt

- HCW = H

HNU = hy =

IRADW = I(:%) »

on IDIIdl

Jﬂj-

Kl or X(I) = k
KT = (kt) =

KBOLTZ =

[
I
I
| S
i
i
!

FANS, FAMM, |

aw

i

* (noise) =

Noise-air-water contribution to received beam half-angle

Fraction of incident radiance within receiver field of view

Detection gain
Transmitter optics transmission

Receiver optics transmission

Distance from cloud base to water surface

Energy per signal photon

Water radfance distribution

Dark current at the photo cathode

Number of water layers present from surface to submarine
receiver

Diffuse attenuation coefficient of the water
Diffuse attenuation coefficient of the {'th water layer

Thermal nofse energy - (Boltzmann's constant) x (absolute
temperature)
Boltzmann's constant
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L
LSR = LSU . Spectral radifance at receiver aperture due to the sun
LSX = LS . Exo-atmospheric effective solar radiance
LMR » LHU s Spectral radiance at receiver aperture due to the moon
LMX = Ly * Exo-atmospheric effective lunar radiance
LBSR » LBS . Spectral radiance at receiver aperture due to blue sky light
LB8SX = LB » Clear sky exo-atmospheric effective radiance due to blue sky
light
LIR = LZS . Spectral radiance at receiver aperture due to stellar and
zodiacal light
LIX = Ly = Clear sxy exo-atmospheric effective radiance due to stellar
and zodiacal light
LBLR = LBL s Spectral irradiance at receiver aperture due to bioluminescence
M
N |
1
NOISF = F = Excess noise in detector gain 1
NOISFA « F = Amplifier noise fiqure 1
NCEX = n = Water index of refraction '
NEPTOT » NEPTOT * Total noise equivalent optical power due to all sources
NEPTH = NEP, = Noise equivalent optical power due to thermal or amplifier 9
noise )
NEPID = NEPDC s Noise equivalent optical power due to photo-detector dark
current }
NEPSS = YEPSS = Noise equivalent optical power due to shot-noise generated
by the signal rj
NEPSB = NEP, = Noise equivalent optical power due to shot-noise generated E
by the background :
3-66 ‘
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OMEGP =
OMEGR = R
OMEGW = "0

PR = PR(t)

PRS = Pg, =

PRM = Py =

PRBS = PBS s

PRZ = PZ =

PRBL = PBL =

PRPEAK = PR -

PHIHLF = 3 =
Y

Q-qn

QA e

RANGE = R =

RL = RL .

RFLW = R(:S) s

RESP = (ne/h.) »

RPS = f(t) =

s ANevTMe S AMGRATIN ot L en T er e ool I s e T ki = AR S 4ty A AT s s

Cloud particle single scaller albedo
Solid angle of the receiver

Full solid angle containing the incoming in-water radiance

Instantaneous received signal power

Average optical power at receiver due to the sun
Average optical power at receiver due to the moon
Average optical power at receiver due to the blue sky

Average optical power at receiver due to stellar and zodiacal
light

Average optical power at receiver due to bioluminescence
Peak received signal power

‘Ta * fau * fw

Parameter describing ability of satellite transmitter to
correct for 2enith

Charge on electron

Range from satellite to submarine
Load resfstance

Sea surface reflectance
Responsivity

Recefived pulse shape
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SCATg = S =

SCATL or SCAT(1) = s,=

T
THOPTA = b =
TABS =
THGC = T =
Tl =t~
TIPEAK = t "
T< a - =
SGA )
TSGC = - _ =
-
THOPTC = “oPT
TSGCA = ow
TSGAW = aw "
TS Gnmit # Iwl
TSGANF o« -
AW
TSGW < s

THESBRA = ¢
a
SC = -'_{_ "
[
e Ty
'8SC = 3 =

Water scattering coefficient

Scattering coefficient of i'th water layer

Effective clear atmosphere optical thickness
Absolute “emperature

Geometrical thickness of the cloud

Time

Time after pulse start at which peak value occurs
Signal clear atmospheric energy transmission
Signal cloud energy transmission

Optical thickness of the cloud

Signal cloud %o water energy transmission

Signal ¢total enerqgy transmission of air/water interface

Signal air-water tnterface energy transrission due to the
index of refraction discontinuity

Signal air-water interface enerq, transmission due to foam
anrd streaks on the sea surface

signal water energy transmission

dacaground clear atmospheric energy transmission

Cloud energy transmission of the direct suni‘ght

Cloud energy transmission of the direct mooniight

Cloud energy transmission of the blue skylight

Cloud energy transmission of the stellar and zodiacal light

Background cloud to water energy transmission

4-68

o e b A e s+




T o e e LTI S ————

AD sYUANA
T {Continued)
ll TSAN
™MW, T a Total background energy transmission of the air-water
l TBSAN Aw
TIANW interface
l TBKANF = .AH?_ ] Background air/water interface transmission due to foam and
streaks on the sea surface
l TSANN = ’AHIS ] Solar air/water interface transmission due to index of
refraction discontinuity
l TMAKN = ‘AHIW = Lunar air/water interface transmission due to index of
refraction discontinyity
I TBSAWN = TAHXS . 8lue skylight air/water interface transmission due to index
of refraction discontinuity
T TIAWN = Wzt Stellar and r0diacal light air/water interface transmission
- due to trdex of refraction discontinuity
T TS e e Solar water enerqy transmission
™Y - TQHU . Lunar water enerqy transmission
. TBSW = 'QB . Blue sky water enerqgy transmission
- TN . ‘z . Stellar and rodiacal light water energy transmission

THABLE 1 - Tabie of -
2 - Tadble of

§ - T{- ~
awl or THOPTC _ 15

(]
) 2
(3]
r-
m
4

(4]

ro

YoV s Surface wind speed




TID SYOWWANIA

R 3. e IV LR v
L TiL T SCRETE Y

ZASGA =

wv

JASGH »
JASA = v
IAMA & 2 o =
IASH v 2T .

Signal in-air zenith angle
Stgnal in-water zenith angle
Solar fn-air zenith angle
Lunar in-atr zenith angle
Solar in-water zenith anqle

Lunar in-water zenith anqle




e s cintin

(TR SLRAE €0 1%/ 1Ll 1008 N/ NI N1 0 &%)
COLO00L 0 Betg et v pu 4610
£44000C0 NsigoBe Iy o tasnd
09400000 0°0 vdd0
- CGASQRCCO L e e e . °Qetuny 011
Iy 00000 INNsesiel slivn-giv m wiliSiwsvel 298 8) " 13
01500000 (o e YL Lo 2T T o s Y IKY 4}
004 00000 $68°-20C27 10018 °CooRot - 271 0-1+0mu20 40 °0°09°A0 91 12}
€6 900000 §°(oosey-B0"t-"1cgav9¢s OF)
€9e00000¢ ‘Ol WO 904 IVEVI NN WP LYWW IINE b}
.. S4%90000. _ _ . e e e e SETIVL 20D DY) WM DL «: -
900000 olca 01 U9 18°0e°17°¥ISN WO 0 VYNNI 00
95200000 o004 01 O 19°01°42°A WU B0 Y A gy 08
05400000 My XLl b}
0L 2 00C00 UlAVP-uiy S0 MO IuINg) ASEIND WIS TRV WIDIN) M RIPL Simg w
2900000 WOiSs inteve) AOAMN) Sdiv0 @ SrOVY
elrwoeee - . g m e s i t§ea 4}
o0 200000 wiiiTeiveel ideiid ﬂ.laL w“g v b )
cet oovec (M ITYTRRAL CAVAPTY AL SRS IR TTES .Y)
094 00CC0 00O 1018 I9TUD-" 110 01 1/09 1031 0MW}et00°-")oomii
€46 00000 ?
ev oonre o ]
L2 1 E 4 2 2 -2 L. .. . _..esees WMWY eecee w
CAOOCOE O 1 oNY- @ 39 TS IMUdini W IO o 1) Trowwi V0o aof 908 i !
€14 00000 seseeccsse b}
os1 00000 oCit 93 U LU P Yot il I8
c il 20009 $4°COI2°0007 CO1-D°V-Jdetwig gy OO ‘
€01 090¢ 0 Cote O T 1V 91" eONIIE) ¢ :
0200090 L . T o b4
ol oot oy ‘O1° 87°))e Pl QUYOL IV e g it b
©4 oo 2 901 O0M) 1ELPNIIPHE PN Of WIS WV IP MYEIUSS 2
00000 ‘LANIW S O TI 60 ILMIIINE I (S0 BNIg NOIIVININ D b] — #
* 200000 1w 18 -1V JuTNTe) DiSNEIOnl WV Y)Y b e~
08¢ 00000 (12087 100NV IRV /IVEOU - bR DovDLE OF ‘. £
Ct{coror -o..u :
t27cvc 00 (Y08 L M
o1 lo0c00 10°00130%uve0° 210 o2
oroecco AT TIN I TR
e 1000C0 ta0118°0 ¥ 1° 43 )OWS
0010000¢ ‘0110’ et et tvationtivt jemeto et tel 1tase Vism e untsg Vet i
CLIQOCOC M) ADJUT B¢ PO ONTNT I JON* IV XS RO B S JULIN ) Juwd3* § DI 100 Bitea
cetpcone b
estoccoe 1)5v0en MIONIINE Ludidovoee (P eN) OV e 2
(331, 131 tinest®siovie of
©4 100000 013308140 S04 41 S FNIIONEENT WONCBE] (50« S010 SO BIN) ]
¢l 100000 W2 U o0 tocecD Itatelt ¢
e11p00re o2
eotoeee e PP OIXAI R ALNIYL, )
recgceee OB NN AL NI FLIONC B | qUREY
(3 12 2000 Srav il i itrutturtrii’irinio‘an e 3
[ TR 3242 0] a5 JEV G4 MO CRLUT I PON JY N WO JUD’ L WL UM 1
ceooonne LTI AN RTALY TNAIY R
€4000CC0 kM) 9rYINg 4§
Cspoveod 17-91 930 1191 %m0 :
(= etceecoo (I edN Ve Iguey
< clcooeee LI INIRA L TR NEN IR U AL IR A TR RN R AL T R AL AL P AL TR L)
~ - e1000000 (AT AL AL TRE AV RL D AN LI T ARIR S TRl o JRAI R TR LT Lot B LA T Lk, ]
w LI 160 /2000 4
m - 1904° 90430 1008 }
¢ - 1600 ve ]
-
) -2
: -
[}
¥




Collvee 0 Ciogtsdun/in? A0 OW?

i
VIV EVERRVI VRV V]

CLIlteoo 027 OF7 IMUIOVE 10 WUIINGIEILIU Sifve IV I NOES IS SIMg
stito0te ML Mg Ul P OMRIBYVIVE IIVEIIY
ctiioene RS tenySjen InvieYiiov mtjend tout ¥ OG2
coljoooe . . 0N -9t2 Wil es AW N) wpiyn
cectccoe (INLe20303/8um - 148 Dot ) Ol
Cou 10020 (BDOR/( 001/ aeviv] it iNISOvoniy]?
o0l0c00 1V 40 1INE BRIVN-0IT 41 MOISL NSOl ATUIND COWI EITE V900
toolocce WYL Lo gneNShonesy S22
04010000 CUN) WROU )4 FIEVS SO NP IO W diNI
vr6 1000t . . 19502°A0 ) M -wnvs g 512
0e10100¢ 0 XS TITITT]
clciuote PIVA BIV S0 NMOISSIVINPEL A20N] 23908 SAAVYIM)IN) MO EDDY SiMg
ciotuo00 NOILIMNTN) ATS 0} SIVR U] ONOT) CMOEISME
ccetecoe MRS TY S
04400100 WNISSINSNE D) 498N ONOVY CMUWIFING
£080000¢ . . ey § T I M VT RIS 2L IR TON
c1600C00 QOIVIIMIATESL ASUIND Do maiONIV WY @MUV N YWE
600000 10°001/7160vi0l)3UI/IVEON)- ) oVNS s COF
£40.00000
CY400t 00 o 08 UY (C°00°4%°VSVINE) PO
6 s0UCO0 sl OF UM 10°0° BBV 60 GOF
£{600008 P - see iy MWieee
c1epceee s00ee I 1ONesco0e
1000000
[y 1) BIROE I¥IIC0 GIAIDINE VDI INVIING Wi
covovecee il §/0°0-1g0D00)-PU a0 CO8
sere000CO PIRGE VI GIAL I SIPNTINVIING
£9900¢00 . Cleewnialirsivdelseii-1e8 elsond=ne
cye0Leee Vg wie 4%9I%) Y1860 OOAIDINE WIOD
Y0000y SLIGREILLON I 1eP LI IV L erIS 10l ( PPN PNV I FVNE N
ctoso0cec 01 0/u0 00UV 10s J 4 )0t S/ 1 2 0eli Ot/ 100 iNR IV ICIa17Ine%IPI=v) B0
c2000000
¢teornce IS¢ vie A%} WSO QAIDIDE WIO) THIVWIW) P I8 SHMp
(< 4225 2] . de e ia R
04 00000 ITRF FILLVALTS V78 PRy FPINEN -1}
€04 00000 OWI) ol NI UIler NiOlA N WY
tirvocec I/ IONOBE POe § “O0E/ 140 AT SISO I/ 11 00/ S RBIEVILO) - 1) <PRQT ;1
0% potoe NiTe WIYR O) YY) OF MG KIOIR P ¢ 1NN § 100V
041 00000 W ORI/ 14s¥ M B INIL01° 081/ 1 60AOINVINU| 0 U4000 T oANGD 220
V0000 “iVe S0 WDiung WIIVE O MW Wi IR BEWNe
€1 100000 o d-rmen 8}V
©210000¢
creeece VOUML GNY MIGIN F3 g BISEPIIE S 0T NI MY Sleg
onj opece
4 200000 (AQINT*ILAOYT Y| WY I2ONITO-"S s OO
teeepcte R ) .2‘51:-::.3!3 om.
t1erneee ilen 8 05 1'0'ivitiagert w2 '0L )2 00N O] LY
0O YOCOTO IR oMY 20 ) L VR ~LDRUTY VLY
cLv00ree 1eMel 10N tomdieng e
CA0N00C P4 Y N PN WV -Tani
—~ Lo m ro 200l 14/°081 1010 17 00004 010° 2 1010"+0u¢ Pyt
3 c{vooc00 , o o BT T A RIR Y
3 e 1900000 pravioes Wimgd of oiirsieslie shien thivw)rted ol i Siug
c ©OP0000¢
- teLont o0 evt ot d MOV ienwe e A% IN) UYIVA WS
“ 4 01.000C0 TIRILUIISUI/ Tt - 10 §-RI5 4 @t
m [3) 0LI0L 180 &y /E0/%C
1t © 1900°9604%G 1 00Y |
m” ~ 1008 Mve
P
: i
g: ¢

~ - w

I A IV RV TR I

VoW N W o YN

v w -



CIVELLIN S Wil e Y AT LR TR TR~ T 13 Y]
o0t 10008 LT TR 2

7

tevioCOe WIS IiNe 4} 4% D) WD) MRS NS b J
o8 9§ 0600 LTI SER { TR}
siviceng LML LA TR T T RPIRL 1) L T L ] ) ) 1'«.- . 2
CINILOLL .-.L. Z.clan i
49 ) ocve eLe Ul O (00" DO VLU 8} 2O
Lee toc oo O%e BF O 19°0° 12 V4B " un 2 @I VUL ¢} P00
Lo locoe o O 19 10°9° §1°0LE 98 000
vZejo0uL eees?l I Nueee ?
c191000¢ . AT UNP) R O8
oce leoce [T TV ¥4 § 2
osstov0e o0 O 09 oot
09410000 S3 7 NEN O) M@ ANy IO eI NIVE JIVERAY 3
CISIONOE  “L/11°08 (/10000 7¥T1S0)-"1 10 fa g0ge lool Sx iUl dte MIVIOGN Voarig 066
CNIOCCOPIIA A G104 BI00D) 00 NINEIS IDeMt SNV (QUE SN G NE ¢F MO EYNEY ]
_. evs 10000 .-c.-c.‘.l“..v: g9)I09)30a g .-
eos et L] VIt gedibl-asha e Of
etstocce IR D) 09 U VBN BN 704" JI°MDREIVIS) 69§
(F2e) .01 tevicony qotwaglg s - Aoy O0¢
etsior e 1A IO T eniisOuny YOl
LO% 10008 LY TIL \
oeviepce . R . .. - R $11)) L odlyid .
tesjoroe 0Lt 0% MMV IOUS Bl iNSININI0 ehive ,...-t.unl.a. s-”u«« :..u o~ b )
LIV 10000 190 W 1 DAY DWNVEI VIVE TIVUIAY b} 1
(aadl ) AP YeRIN|of YNOLoIu) oV MSJOW 1o® ¥ CLE
oL lecLe 006 -o4 L W)L 1N uvel A% D) BN ee b} '
ove jueue (1R 08U/ 1Nt - $ou Bomms O0C
[ARA] o) e ..i...o..::g:n-zn.!cc‘n* _
tivtoece o) iuialt w)ivm oiv 90 Wi iuiveg 4dgind oumIBd s Yee gl 5
1Y 10000 VIt ientvn | -hen| 24
(131 7 TERIRNG wis BV00| Mg PNEEY M T HINY ?
cat joete X YAIYE TR I TSl [d
ost 1etoe “» vawpams y 4
(IR, .. SR iY M Wi INVIUYe) svem) BjUs )TN )IN) ‘..n.o s w - t
oo force SONMSIator s 788D VR 13y BHDIY (3] ¢
o84 tocoe MR TY
0% 10000 WIS IUIOTY; AR IN) ON YY) CRFOM ¥ Ive k]
st icee ICYER AR IS AT AITY TTRS THNY |
cle torve BISIMAN080 230DR) IPMItOniY W) GBIV vIvE b
St {ov00 10°001/100% ¥ 110)/ V)04~ 14000 W0u) 404
sct 1oCee 3
el i0cee sl O ™) (0°08° VU NI M
[T ART ) sat 0 O (10°0 IV ee gl o0l
[ TRaL 144 XYY L ATYT) b
ol 10000 N0 4nB) 9 D3 e YO O 9 b
¢ 10cee 0 0-484 442
Osdicere oNr O3 ™9 TRY -
ct210e00 I BEY O M SIS CUNOEI FINE PV EIAY ?
estrcsee C2e00%001/100400u0 8- *tlotcni 000 losl v ivelglod¥®ant Veind OO
CIZICCOLPEIA 40 OVRIs SSAI DY IT SItEIN JIEVA Imviore INDOI Yt 40 NO)EIVDY b
— coltonce 100s9v°Lwmgue? Lo WYIPONILE-LNE DO
sstfetoe 1uNRuIY 1gu) it i ~Suauy 042
.m Wilbooe 268 O I 0 I TABMALY M ?°0C° [ KPREUEY I 89T '
c ot t 10000 1300°3A0 e ptRg ) GOL -ADANYS 997 i
- tetteece RS TIL0W 2 oMY} ~OR) VOP
4 o4 ) jodee 200014/ °C0 1 110° 1720000100 CI9° ~LOVE 297
s Pe10t 108 &2 sR0s40
(%] 100 1°0 00410 T9YE}
~ 1008 W94

4.4.3




(1284 L4 S e MUS DWW P WS FNUIAY Bl 90 Wiy 3

120000 ocs 04 O
09{ 20000 “a/t1°PecnviNie i sUnGeideMAIE W s Wig $O9
ov i l0000 sse )W IN MivNWIBeoe b ]
[R7 {4 . . R TVU YT RPN O LR NGNS )
04 220000 00 lus o0
it I0000 00% 04 M 6t
ctiio00e PMLY NNIGDI/ev I My NG giNig ONADEIEIVE IV SIAY b}
oellovot .~\...Qc:-‘o"=ﬁau‘...oz.o.\-tco.:o.s-e-...o‘coonaaawt [ X
00 iZ20C00Rlla M YIS WIAINIIY NI W e IMviove INJIDINE M wmyadIvee b ]
oellocec . 1AUSNY  Junguy 1 MYITENIN0-LNS P0G .
[IRE L tuDRt ¥ $dud it - Tunowy OI6
co8L0000 $106 U3 UV t0°0° 1"WORGee° "2 05° §3°MDREUYI ¢ 096
o tiovoe 11V 0edog geulngli gdL~GONUGY OV¢
0% 120000 Fou =00 g V9§
ot 1 70000 ¢ 0y 29
ol H{vuoe I . . lee®igEslvy 0% _
ot 0000 014 -09% FIMVIOVE 10 NO§RvIGIC IV spfed S HYWMOIWI AU Shug ?
001 20000 1eT0) MONIPOI/ @IINY O) WO N ¥Ive PIVElav b}
et 20000 T IS L L IRt FATIRALI A I 1]
svioce 0V, OLS WM TLEWLNN el A3uINS Bifye 3
(YL L ) 31 (lameg - Hdu d A 0vE
crc Lot rrntenryli-mylg o1
Lol occC 19°0-umypy ¢
¢ Y0 I000C M R K LXIL] ]
CLolnet o wigem-eiw 41 WIFLS MMV AL STEIN) NIiw SesvMIIN) MaEIN i b
cleicoot WL It nl A% D0) alivh O} anp i) esuMm Y Ne 3
c10i00r00 clefIWNg 0%
feeivoer ° Wifss et el 434 INE ORCTD QMWTINSUITE ?
Tas 1000C suidon’ ) IS
o4 10000 WOISSININYes Auetd Jlamisrsowie It eNTIVIYING b ]
NI LINL tegomgiflorwmly 40§
¢ 94 1000 OVEe UL () $9°0° 12 SIamMEIT B ITe 11 viannpt i) 1O¢
Let IRC00 Las US ¢ (0°C° et BlIYIef OO
coagerce eee i) N INVIOUI/EV 1Y )))e0e 2
CEh e OO i nuluite) Aud NN W b
cis i o € 0+1099 009
clhjoone GOt U3 O Lo
toh Youbdo AWL IS OF M4 BiMe UMOWINITE JCElAY k]
(s tocots .:...on::osa!:.;.....e’...;,‘:‘o:o..n-..o.s.-'cdo-ao..aai; [ TR
cottrcsceiin g gligs SREENYIe KIS P3O0 SN fOv N Ju) #0 ADiLIVES 3
s tceen tAnenstevsuovier e biavita-sone My
o9 i OCOD IwDaureigndibl ooy OF
b ictoe tMMea O U (870 NIV U0 D 0DRUNET ¢ 690
crgtocte (169 0 LUNY e OLEAGYI | W WNANEY 900
c1e10en0 70310500 g S0
cioioek e [ T3 L XN & ]
cIviperoe ‘loev’ti -ty 084
coe touee 6 018 PMMYIOTE 0 Nulinsleslo 31V L)Y LD BN TIFRILGRE] ] 3
tegteece 18, Nt G Mw VI ATV )IE0 FATVEAR 2
€94 toene RLGLeMYLU N 1UOI e I LT TRI I OPIE MDY OLY
ey [ THRE A S oss -ty It fuihteg $3n PR wijen *
.N cvitot et tgem - 108 0°0,8) O
3 t4 ¢ looce (I Y T J AL IR 2] ]] L2
c (A TRE i (X A AX A8 TR L]
e [XYRY 44 cyrmentanl
m ° i IDEDC WIIVR Iy WIS IMINYe) Aw MY AN LINTWITN Y W4 WL timg
m 9 106 ' 08 YN 4 TAY]
m w R A FMY PRUIAE A (I8}
H ~ 2000 OV4
ty
, h
W mm -
,“, - 4




ry .
NI« TIPS - SPNRTII=<Ap WIPN T NPWE pr s, e

08 (0CLO AN ZALLY WLFT VITE PTYRY  FVINN 111}
04070060 OE11) WUBS MITEM I S 4V HIQIN IS NG b}
ote20000 /B HNeBaI00 ) “DB I/ J o0 A0SV ISUI/ 11 Q0L /1 40ATINY)L0)- 1) congQ 411
ozoloooe WiV BIIYR Of ONOI) US PG HIOIR 33 Ve TvNOl S EQEY b ]
. R 11 T4 [ U bt 14 K{LLI
a0e20¢ 00 nIVE 20 WNYivns siivA o) D ...“... “Nlc e 5 !
cas 19000 (°3-0°8 -4 100t ileal®001/14019)5 W ) 0) 800N 00 :
CHI2000CCIMOOILT 20 1 11002001°081/ 1604V W11/ 24D /03 MtIss “ 10177948 ¢ INGE 82 41
vi 120000 » b
994 20000 Ba¥HT ONY HIOIR )3 W ALY SHITINIWD WDI IS SINg 3
o N -1 Y ¥ 4 - - - S P
0% 2000¢ 1Agisv’S{agud?v; v i d§uita-dt o 3N
oL{To000 . . 1300w )gudini-tM0WY 0500 ;
o2i 20000 C108 G 09 1°0°3 1" 102889 ° 90°2°04° §9°LOn@UVI ot 2601 9
01§ 2o0ee (Rgenypevg) jUBL-30Ng0v OCIY :
o0} tocece 2andysts ogit
e . .. Ge%eee . ISR 1 [ oloupl -
i34 oM ket iadaiar H 374 BTIY
01910000 MO IICIR 11N ,
ovel0000 JINVISYE TENIIS 40 NOILNEIRILIC Y2IVR S230 W) ) MDDEOIE im0 ) t
04920000 ) )
04920000 04 11-0C1) WOILLimiives 299dND WRIVR bt b)
R N 2 8 7 £ - T U 1 | . 341 7 L. -4 7 bo=i *
oleloeve migensiocuade of
031920000 oupepe 10V sty '
ogelocoe " 0euade ~
vsLiepo0 @0 lung og 1Y
004 20000 IV eehing wipwm-uiy o wtsiiwives A%0PeD tvdid b} i
B Y1 4.2 e e e egewy w e wEErege iz -z m s "y " olNﬂd —
oL I0e00 moo.-v.pmm......:o:..-:.:.«ﬁ.mwvﬂ..\..ar. .— az—
”"sl000e §TiosA0s-BE°E-"tegnyas) 0200 a
420000 ‘uiii NROG wus JIEV) WO M) LV WRIINY b} o ]
ot lcecy (0 e-ungNs o110 ~ ty
erv 20000 0108 01 09 10°06° 53733591 en’ @ 0 s Y votuRi ot 2410 & '
01520000 )  S008 O) U9 19°01° 19 AW e R YA gL 0IN0
vostocoe .“&-m-.b. b2
CeVO008  BIIVR-TIV 20 NOISEINSNYE] AJURIN) WIS LN IYWM)IW) WOIEIIS g ?
09220000 Lt iwiveng 2"y i) GNIVA Of WrOY) 9
s1020000 1°20011°27°001/10¢003ve IINCEI/RIM)e 107 0 eRIILL SON0
oee Z00ce enNistiwingel 499)0) WES SnOY) ’
95 %¢0900 ‘ . Deol 10Ut/ 14evIsV T u.-.“b.u! o
coezocot Pt P
4 v {0000 b)
c2el0000 COILINtOD- 2107200 1addampdott0oiwd- N leti WiOM r
cislecoe e I G IIPOte L- 148 - 1B CILISINLOT- LI 2N 103 0UM8 P ol $ODDenN
COOPDEOt -“1ialtINend - *the oDt o- 1an 1ot (S IVTaD- 1/ Vo 21 aened fol {00 DN
i .o“m“ﬂuu S Ui TINION- 110 E 1IR0Le 2ell e 10 14IVL0)- 1002 001N/ 1808
., o 3 !
o4 2000 LY R INAR IS A S R AN S0 04 ZIT T 11}
P20t 000/ 1 00000 hoasio (- -baol 081/ 1eavdt e} iotevi ictanl 001/ 1000 0t0 008
OLIIDOMDII00°9- 200 1° 00/ 5407V 108111 2¢1°001/100v3CTL 10t 156°0 -0 0° (o 001
— o4 20000 “
(2oeve
M H tobod A ‘BbE38 VWIS d3386 Y
c 011 29000 O IN°SLPNEIING VWIIEEN OANTY) JOONYM TSR WONQIES SN} b
- cot focoo b]
~ et ool too0e ]
. m I 168 & F20/%S
1 O T Y IPRIT Y W _
.um ~—| <ove 1ve
H ~
..w o
- <




{Continued)

|e 4R e

o T TN M

4.4.3

cZrioeee Ldsolinet gy
otsiccuo IR LAV FITISYL M IV Y Y]]
eoricooe CO01/14evuV] ) o0 L - 00 1°00 )/ Joovus ool foloei O8I/ MgevaN N0
010000 ¢9984°9-7001 008/ 140VUV 10611 201 001/ 1400uu]100153°0-09°1~onmy

cotioo0e . ~ - NOLSSRwiens 28003 JematONIY WIY) SamWIINNG _ )
oticoco0 (0°001/10evun ) IS0/ V400 - basdovnens COLE
¢ LOCO0 b ]
osttooeo ol Of @2 10°06° §9°Vev R 9 POt
o oece (l U 03 (0°0 DT ENIIAL GOE
i iccoo (XYY,  (RTYT] ?
£eEL 0000 NUIANEIBINDY WIOS O . D).
olt toooe [ M TP $4]
oottoo0e o0t 04 0o el
oel2icoue 1) Wt 0F IO ¢HIANY CMD W IIVE JIVNIAY b ]
WIto00e TI11°0017160A0MTVISOI-"1103N50000R0e " Loa (v I00idiommedovs VeSug OOL0
CLICOTOSPIIA 40 @114 URANEIID Nineta 2IUNUS DINVIOUE INIOIINE 40 &0lddeed 3
CHLOCOD . - . .. 2%s-sus oRl}
eslt 0000 NAgur-Shaowy 04 21
¢e24 0000 Sonp gy cadaguy 99719
ct2eocce 2ondieDIhg S92}
ollLoo00 00ty e 2900
o1t ocoC [ FLI{ TN (14}
COLL00CC OLLD 9L JONVIOVE SO NOILNCIELS10 SLY® T3TYMD N MOJIIES ML 2
Y IO NE1S U M MIDEIYIEe IOV EIAY 3
esifocee AR I FELBITTTR T2 LSTILAY AN ¥4}
1110000 0N 10870 WIS IWiv el A28INT Gljva ’
cotforce [ AT T TYIN 1T4]
e itoure BIVIeIINT BRIVR-siv 4 MSSININOVL A%uIN) OLADWI I ITS QUL 3
(2218 23] o eaws g SEI0
ct 11 0ec0 Sy XTI b
$218000¢C Phsea 3y S0 WSS HMimen] AQUMD A5 0tW S HIYWOIW Y DS Stu) ?
ctitpore WL 1wV O] ANE NG ¢IITN Of ONOT) CATOWI Y W e b}
0110000 “temyses o0t
restocot . WItsiwtav el A% INE OHOT) OMOEYNYE ]
¢ouipeog (TR IR I A AATN I TR YT T4}
cictcece (eI, P

evC( 7000 Vel “ON 1/ L0ev iRl et s 19 Desontd

cecivcoe OB/ 100WINL10002%°( 2001 081/ 10093¥] 109001 ot 0ol OB/ i00VIV IS
CA0tO0ND  09904°V- 000l 001/ 1goVIV] 0 12 00 ( 001/ 140V T]IeC ("0 -29°0 =t iy

tsetotee WOILLIW,ee) AT0IN) 1ot UNIY W I L) OO ¥ NG b
c{ot0rco 10°0001 /71400800t UI/0s ANl - VgBD Y ROL S COTY

clotorco 3
teotoet e “lt OF O 10°06° 13 080704t POt

tanlnoce a2t Uy ™ O°0° IV I 1N al BO22

cos700cC soePY HY oo b/
cietecot LY YY RAYI TITYY) 3
¢ loovo . 3
L 20000 wrAd Yo digad oAt DSde Lin bl it ithl wid 3
[£2%4 &7 WIS/ - 142000 )P dug SO0

otalooue " Nty WO e OIALIVIN STO NS INVISHY b ]
cisloece Y L AP IRVAR AL SVARRR Y RINTA TR 1) ?
elnlotce L WMe 800 TR IN WO ieD O DIIG Wiy b ]
tLalog go " JeRy - oM je 10¥%s 001 POvae R AVE) Sme N .
2:8“. o..:\.-q.%u.ﬂoo.:.wx..a\hw.-.l.e tiesthdivilol edlintdeiVi-v) BTN

90700900 b
tivlocee M Wa wie S9uMD 1914 a0 CBAYEINE Yl A BEVINTIVWY WL NE ting b]
e locoe b ]

0LINE 160 i 220/C0
1004 580930 T 013 3

4-76



(Continued)

4.4.3

1000 Mvd

0100100 &1 /20/40
1904 988438 100 )

06LEOOLL tal G U 10°0° Tl el 00l
oL utco eIl Y WMICUTI/av 11253000 b ]
G 860000 WOIRNIEING) A9 MW BN )
9960000 0P o30us S0l
CSGE000C _ e e i e . . nmivo.w
o1 0000 AW N B o wiRkds ll&-wmwﬂner«n. nq.
CEOI0000 I/ 11°0R 1140004371302 -"1)0300 0 140RSe]00i ¥VI0S 1)V oS0 V1 o500s 0601
CLOE00CURIIA U OVDI¢ WBAIDIIN KINIIN JYUNDE 2INVIOPE JNDOIDNE 40 W08 )9es ]
0leg 0000 . FMgeteng 9Ot
©06( 0000 939 ¥ Qtmguy 01
.. Gestocce — e — - - - Bl il el “”ul
cevi o000 fondi-0%004
010400V0 0°9ctenve 2N
©99( 0000 Vhesev ) O
GLE(OCO8 QIVI-0901 FINVIOPE 90 NOIINSINES]O0 ED VR SHYWMIND NI IDS SI) w
02060000 AV WNNE O) NG CNNLEINITE SIVEIAY
siptoeee . R B39 om NIVeLe)39) 0y (13 Lt 3l 1,31
02910000 rb»o.«e.«..m. u_rathcccl.onuu—a (111 1] hid b}
e191 0000 (4 I LTI 111
008t o00e fesi-nyi0s GO0t
084§ 0000 b FIENL]] ?
084€ 0000 BIIVR-g1Y 40 MOISSIMANVE) A% ) PLILN SREVINITY) MOI IS SEMg 3
QLILOCOD _ e e TNV WAL A2WIN) NNIYR O ONDY) G »ve 3.
o (0000 M TR
931 §000¢ WIS Iwiavy) A%Q)N) LOVY) QUOWI ¥IVE 3
cozqocoe YOS MIEPITH LS ST 1]
0110000 WOISS INtave) A3UIND DU mesOul WD T) ORNOWININE b}
©214 0000 LY. TRISRIL 1Y TERY 1}
LIFELL 4 e } sl O 07 .w.?.wv.nv::. 2008
0osLC000 ovos 0f 0 180 i vromn w140 s Vouidmi) e 1000
08 2¢ pOOC el 1§ U9 10°0° PI1°EIE VI 41 OOVE
(3 22010 ] ssed®y NNeee 3
cs (o0t e S04 1191 WIND) SYNNT ON 3
ovs{oree 0°0-upg Sol!
¢yoq0Cne ) 001 O0F U9 ettt
coni oL ot 1vhi Ve 04 NG e A BRIV BV VIAY 3
CIIO000 2710 081/ 140A0MTILTI-"1 10N el ONBS " oe(BVIUCIFIOUNTN U Y -00s OOL 1
CLoeCCCPIIA S0 OVI9 WBALIIDY NENEIB DIwry DWW ove sNdni NG 00 MOSLIVEY b
elegoo0e 9% s-wng 0N
o vt D00 S vy ~irympvy BICH
testccor LORQUY ~NDRUUPY 9N L
e Ltocoe 296 -0uR} ST
ol sinnoe 0 0 whvy ENY
ceso00e Yewvyg OOL
CLIO0LE Q4E1-09C(E I AVIONN 0 NOLINEISILIO S))en SIEYMIW) MOIEIDNS Sisg ?
oL POOO e Woas 0 My ONtuEITIYE PFVNIAY 9
ctLslocoe AuloAYN et ING e ui eV IS ort ogu ) BT
s28L oot BRLT LA WICLTUSNIN] 29T WY IOR 9
a4 000C [-IYRL T L4 4]
ceLiocte I emditul wlivl gy 40 WDITSINIGvNE AVEIND ONOMBIINE WIOL b}
[Ty 1) [ Y T Y{]]
s o000 ‘YW Iviing 9
01010060 GIITA DIV S0 NIISSIWINVES A0 ) FLite LBYWMIN) WNEEIRY S0M) b
LI ] WHLCIFIUVE] 19V INT wIiom 0 GNOYVI SLMITININE 3
0441 0000 MR L T 1
st oco0 Wt INthruL 19438 OADT) OMIOTII NG 9
€491 0000 IR IVAP I CTI AT I RS TN ]

4-77




T — —
[l 11014 OVE, OIS ML im.NoEl ATaiNd W) Eve Nasfy b ]
Cysvocue GRS N 7180/ 00% - 1 gm demest g GOIT
094 %0000 10PN/ 1°001 /704093802 INIS NS UVendLp )
04 40000 MY 2 aBI NS LE 12
9isr000C - Agone 1UNg - Tuny
0L eCLo0 o'e-sdde
0C3 90000 0 0ctung 0§12
ceve0000 IIVANDINGE SIAVR - GIV 90 WSS Iwidev el ATUIND VNI ?
08990000 MY LoMNY2L NIt E SINL
c1vvonoe 108°-Aas 2l totE (oo 42°10-"1osnudN i e 39 A0S 1292
[2 23] 7] . .. (MU MLy T4
2020000 ‘BNl RUT BN¢ PYVE MU SN) 4V 04NN )
Y0000 IVISVIAN L WMG-NTIts 9012
04 vo00C0 8106 01 03 10°06°13° vV QU 00 S VTSV 48 2NM2
02990000 $008 08 U 19°61°19°A U0 Q* 1V ANII OIL2
€19%0000 ) * 3V suneny 3
CUYYOOLE NJATA-BAY 20 MOSSSINSNYEL AJWINE DYWI)S SANE VI WD GOLIMS_SiME 2.
el %0000 MUISS (e el 490 08D E3QOR O3 GMDY) ]
091 %0000 “I=a)2%4 ¢002
c11%000¢C WL ININTES ATUINS WHNSIS GO ?
094 %0000 ool 001/10073391 130 108 OOIF
tet o000 ’
£r190C0Q . . — R - o ie o e .
C4 Y0000 essee WWIIS osoeee b
it v0000 901 SSINTINL WWII160 (VW) JIONYM TR MOI IS SN )
otssocoe 3
€01 %0000 14
04230000 ‘SEdNE MNGEITING JIEIAY PNL 40 vy b)
(37844431 - R - U . . OL T -
0120000 N/1L°200BvIC IS 160N ] so Ve u VO Vi« Youe Dbl
91 %0000 S I MY WiwnN WiBooe 2
oL Iv0c00 WOIENEININUY 1eT5 Y YEMICOI/ W ITD S ON 3
0920000 e 0194 406t
01 £+0000 009 01 09 ceét
9{lrccce $M21) WORIGUIZUYIIIG U5 M) winge O‘Bauvnm LI A B
1200000 “2/11°001/7160A0 RS IINI-"1)e W se)@hue locluviQeiclo mrv®oul t-704 S0l
CUIvO000RDIA @ OV FIANIIDY NIMIIR JIENOS IINVIGUS SNJOEINI 40 Ml Q Ve ?
s 1%0c0C 21 ¢-Tns 00CH
cels00ce SORguve/NmaRY 9og
¢i 1v0000 o -0rag vogt
091 v0000 . X 9°Qelne ¢ ”a" ..
o4 1v000¢ vielve 0%
OV 10000 S1¢1-0% 1 IIMOVIGVE 40 WOIINGINISIO WIIVe SRV WIIVE) NOJIIRS Sy b
o1 10000 19201 WIWIGOI/ M IV ©) NG OWDNINIVE IIVEIAY ?
921%000¢ NIJengljenIPEsedIjev Bl ien] toud t OGLY
1100000 CoLl-0(sl WOl E) A%0dN) wdiIvA ]
tolvecee 1onls Ovel
L8000 -o””.-c: Tt
ospeeveC Y XL ?
s10%¢000 SHIVE-NIY ¢f WNILLIMINTE] A%EDND FLOIM TRIV NI ) WIEINS Sing b
080000 "It ININVEl 4T IN) SIIVR Of ONO ) WDV RWY 3

g 04000000 ‘tenyva; s0tt

v ovorocce WISTISINTEE 4780NE ONNT) OWNIEITIVE )

3 4040080 176850410201 I RY

c clovecec WOELL ININTEE ASEIND DEBMIY WY ENTBWIVIVE b}

pes 010%0nne (R IY L TRXIZEIL PN 1]

s stvoveont 0V0L 0OF 09 19°0° 17 VIO 07 0 1V Tets b el VoL

0186180 &L /I0/00
et 190¢°600aL0° oMY )
o000 Mve

”

<

-

4-78




_——
b1
-]
£
£
l, %
_m Z] oot 2ova
g
s o~
I -
: <

D NN amk el e

AL -troam S e

-

0410600 82 /720/%0
1904° 200410 T80}

Lt lsenee
t2fsrtee
o) lsutae
¢ois0000
cutelect
ove Lot
0I¢0000
to o ¢
CHLHOCUL
{0000
ciesoece
¢ 00000
oipsoono
(COV0L 00
(9T 14,74
coLsocno
tleoCOC
tvevoCLe
[N 1.1
[AYR T 44
CLevote
elevncco
cILsotug
{CeyQ00
04 9¥000C

DePOrCOC
(211, II8E

(20 2% ¥4
e et
Ce s voOne
©l 100D
€97 %000y
[ TPR YT )
[ A YR Al ]
1l votey
czesvece
Gl 4%0000
o0 oo
(LR LY. 05
950000
C19%00 00
tYve0bon
4 V0000
Covs 0Lt
(IR 1Y 1.1
€2 90000
Clve00cO
o4 do00e
L 44 Y0000
00000
04 40000

. 700 Nygesmygffet s WhHIuy

1392 0500% 200 8)°0, 0%

L F A1 K]

XN Y  YAL N AT X}

QULIC-CO2T INVIQVE 2 NQVINQIOIS IO o VR S JYWITY) NOISIFS SiM
1D M o) MM O3 P Se8 3DV NIAY

AT LAANTL R (IR RYRIL LYXTLINE N}

COE-COI2 Wity tusv g AW MND DlIVN

(AL e IS/ 08NS - )

(ERIT PARCIAFAPTI AN AR IR L T 10

JIVgu)ant gREVAR-RLY 9] WSS IGLNV RS ADAIND UMY P INE WIOS
LAY T AR A Y]

CaNS WA wid IOV M0 N0 IV WU DN}

(AASFASTN TR ST 1Y)

“PIvending

W11V BV 40 WO AW NT L A9 WT HNite Sty WIS SN
NOILSIRINTYE] 220N S 0I9R (y ONOLY QL9 N8

‘tenrveg

WOISS oSV el A"gPH) UNOT) ONTOWI B IS

1°001/8400392050)3° 2}

SOISSIMSAVEL AD0INT e lidiONET M) 1) GtV EIveE

AN A TAT AN Y AL AN TR IYEL A 1Y)

o027 0 o ictoet 1ot uiel il
cso Uy WM oo
ecsee i itiNcooee

BIRGE W IEU CIALIINE SOUINVINTIINGE S e

ILWG whe A% M) IVIIEen QdAINZIE Wwios SAIvInIted YR Chug

877 1ne0eR IR0 Wea ) - Ve dal |

oNp 1) WO TAIduled) vV HieiN A Ng

/8 JuNeuga 00 1001/ 140 AU IRV IS0/ 1000/ 1 daangueitnd- * 1) omugq
HiUg PIHLY® OF M) ) 400 HIGIE §1 Ng Yo SOV
/10001 Av)ilCel®A0t/1aehtiteniiehjoiid)0e*? >RIAIE
HITe $ NI IWOE WILEN f INQ MIQIN P Wy

0000

VW, Olew HINIR P Bvg ORI IIIE S PV W) Wl Vet LIN)

TAG IS * ITRANE VI WVITOUITT NS

(RS L IPTITINRSAL 1)

Clot o) 09 1°0°; Vo baunn an 2 04 19°SONOBYEI0
(Rjenygeviiguts-sOmgue

IMLeP ISt/ laudienl

(23 D e L 13T A T

Toa 14770011288 1 7°5AST010% 4400 0y}

Zooln Yo/ ¢RPIVeNL =¥

1NV 106 WhAES 41 NOTLNOL0ISIA BAIVR SHEMIWI RTINS Sl

T - e

o ————A G - oo AR SO« ]

\a1{4
(17174
22
ol
(1224

ovre

(324

(3244

Ve @ W

ot}

1012

sor?

4

|11} 4
(1314
1114
L1314
(1314

737
(4114

o b

— |

»

Pve




ol s0Cc00 CO°Dennyisg oie?

06940000 “IMW fudny 2
C¥94000¢ VILVR-BIV 40 MOISSIVINVEL AN FI06 SIIU NI W) MNP IIIS SiMg 2
0194, 00C “NOISSINSNYE) ATEIN) SIEYR O3 UMY QAU YIVE ?
C7750000 _ J . . ThemIVEL o092 _ .
04 94000" 0157 TutNT ot A20INT OPN ) SNV N IVE b
€95 0000 13508 082
¢4 940000 NOISS IWSNYYS ADUIND I OMASUREY WV IT1) ORIV NNG b}
02950000 1V000M8 12739 WC8s COW
€1940000 602 Of O 10°06°39°UWI g1 2092

- toYs0ton ... 0908 01 02 4978 LY YA U E0°1)°VA00MA ) 41 309D _
CL 440000 407 UY 0D (0°0° VRS0V 45 OON2
19450000 sesA¥S JNiese b ]
€14500600 NN BIND) WNn) ON b}
09440000 0 °Oeuwug 042
€4440000 002 0§ 0 Coi?

P 09440000 . e . . AML POUN 04 N0 3I80¢ ONODWINDT0 2OV EIAT __ (2.

CLLCOCO0  *2/011-001/14eADFUNIS0OI-"1 loude] 4UnveLoo iUV i0e)g o UNVS ot Vownd 8847
CZSS0CVURIIA 70U 01314 §3A0303% NIMLER DWW0S IMVIOVY 8)0IIND 90 NOJ3IVYY 9
€1450000 1AOIUY ‘RO WY *wV i WIV) IOUIS0 g O0ED
00540000 IWOROWY ) U) I0 ) rrvmouY O €7 \
€6 40000 SI06 0F 0% (°0°1 'NOAGEY WO P 0L 1D°MBACEY I $) 69D
c8Ys000¢C . . - LY Jomny JoQung fLPCEoNOROYY P9EL ,
€1 940000 100979303/ ani) Oungd V057 ‘
09950000 Meruny g P2 ’
cersoree *200iNBON/ MR I UV § OOC7 ;
CorE0000 OLE2-0%(2 IIMYIOVY SO NOILNTISITIC wIlYn S v ) ied WOIEIPS SIug b
ctes0cCco 1M1 WO0M ) Mg ONTOEITIVE PIVEIAY ? _
CLYI0LQ0 | I J— L. MNP TELeR PRS0 INI eV WPRAOEN Yo ) O5CT
clesocee VN2 -01E7 WOISSIWSHVUL ADOIND wijvn b ] '
C0¢ 0000 (tRuv]130)/10ns - 14n Jonnt OWY
tes0coe (BIUN/E COL/ loovuv ] INISINISEVemY Y o
oo s0000C “3IVINING W)IVR-PIY 20 WSS ININY UL A%EIN) CWOWIRIVE WO 73 ® 4
C1150000 \.3:..:’...:3: [24F4 []
C{ SCOVC - “WN) WRUG ¥ 9 -53 n:o.-_.a » > v s
eet 40000 -.l. 1311 :
0 43000¢ ) “IMweuring ?
1140000 UIIVE WiV 40 NOISSIMINEN] ADUIND 510N LILY WO NODAIDS Siwg b
€l1400¢00 WIS IWSNYDE A%0IN) WRIYAR O ONDY) GNPOWINIVE b ]
ciis0000 “teadNe] s0e?
oL 50000 NS ININY Y] A3IND ONOT) @WDIPIN)Y
te240C00 t‘opisteevmy 2 it0d- ] FO4Y
8250000 NOISSIUNSNV UL A%0I0) JuNGIONIY WY GAMOW 3 IvE b ]
¢l 150000 100017840V 2 180/ VIO - 1430ovYON) COS?
0924000¢ b}
teIL00C0 GhIZ2 01 (7 10°08° §9°VUYIN Il 2D
ColsP000 (2 Of (3 10°0° )V 30N 40 OOLP
cLIpo0rd cosvyniVooe 3
64140000 (Y IXTL A b ]
otZvorco 0°0etue s&l?
cUZ 50000 ovt? 81 09 sel?
06 14,0000 Jey g Wty O) WO witig 0N I PIVE JIVEIAY b}
COISO0Q0 270" d..:;;o VISU)Y-“11e3Ng0) GURBe  foo WV IQeiglomwyTegs Voiug SOIT
cr15000083iA w VY1 é wBAIIITNE Mpvriin PIuAmR IO ided Jhloi I 43 W] )6 3
09150000 1AQSEY ANANNY 1YL WY I ORS00 S g OO0
cyfeocce tutmowy bend it Aunaey 0422
€ 160C 00 0206 OF M 0° 1 " HORIEY 90" 2°04° 19°NOROBY) 4] 0922

etk s PELS SEN SANS
wsutien

(Continued)

4.4.3

0100 Ive

85 19¢ 100

“7icis0

1900 nendta " fous )




e

P et

\l
3
[
-
« M 0010180 64/20/40
1 (%7 1904 veNaly°rens g
m” ~1 1100 W4
S
“ :
P L 4
m ° “
N TR s peed  d )

e A T Vap tw e mr s PR

TR & T of 7] PlUlPes Y Ul gD IBIu TR
0vZInCcy (R ERIRY IS AN A YINAR] . ]
csivoL o ‘IRMMNE OMINICINITY JIVERIAT Mg 410 WNS
082 90000 LT VIR PRy I P2 T PRR S VENT. I'Y P
PLIvOLCE . CIUP JUNIAM ) Jai) Tl S04 SOV INIIN)
¢2Zvoovo ‘S0 TeouVI0 et 4 iNue ) de Ve Be B YO V) - YUY
Ccliv0000 000 )M 1Y MiuNM|Bese

coZ 9000 NWOIINOI MU ) 6301 NN IOCIZ/ N VV1S ON
04 1 90000 [ M 11 T
08 90000 0o%? 03 O
CHIROCOC . AMD1)_JNIVIO0R/NY11INS 0F_INQ WIRDg QWGYITIVG OV R)AY

COINOOCE  “Z2/11°001/10eACSUVISUI-*11eTNtoiatrive  tocivriOeidtomyasul hefud
CLI0000R 1A 4O OVI19 WIRIRIIw WINLIA JenUy JINVEOVE INDUIINS 90 NIIEIVEY

09190000 (AN Uy 1MUY’ Je) WEITCWIL0-204
¢t 190000 (WOROUYISUD SN » 200 ov
€1190000 (086 O) 07 10°0°) V' wOROIV " WN"2 04 19 °ADACYYI 41
_ellseeoe . o . tIvg]mugening)y n.j ’
00 190000 1 n..:.o n-m
06090000 0°Pelavy
8090000 “lee0°ttetvy
CICP0000 OICT-0%41 IINVIOVE SO WO(INVINISI0 S3IVN SPIIY MDD MBS Sing
CY090000 ENTIY YRIVIONI/ BN IS Ul JON GNNOWINITY JIVEIAY
ceo0000 R . Mot e )Mo ) jev g fexlN-nl
09090000 087 ofe2 mitlintnenf 25udud giged
ot 0 v000C 1tuny - 1au d-ap)
cZcvoceo et senPulionedy
clovoceo €0°0-tenv}
[ 22,7, 14 L2 FI2IL]]
. CHee000C  9IVA-4IY 4} wO) NYWE AJPM) PIION S JIYMIND MOBIINS SIMg
3'3“63 ' mw.“ﬂw.tmm-ww »%&rw -..wr O3 01 Shvvdrred
cies0000 *1e%)vey
09440000 WOISS iNteves 478 IN] ONOT) GLANEIPIVE
€46600C0 ‘1.3
€4640000 MOILS INSNYE) ANEIND Dl el etOwEY B¥DY) OROYI VYIRS
gLesp000 B N . LI, TVIZIEA 1IN
02640000 Ooos G B 19°8° i0% 0l i al 2 8 VPR 1o0mit o}
01640000 st 0) 09 (0 0 IV RV
oos LocOC eee i3l ) WINVIOU /v V) itene
0604500 W) IO UINGD ADS PN IS ON
09840000 [ X TV [ ¥]
s104000¢ ) ‘ 0cs? 03 09
01040000 ivt WV DI IR0 V804 SO IR J9velAe

CS9C00D0 “2/01°088/140R040718N)-"110300 0 6iMBeleslUVIVE) dla VI D0 V10V
CO0SOOCCPIIA S0 QY50 WAL Be witgle Dwmt 33N EOve hGENE 90 MO idVNY

04950000 TAUIUT N0 WY " OV WV IZEN 580N 4
02040000 (L LA AR TIINE, LT
o1esc0C0 8106 U3 UI (G 0°1 V" NORAUT  CO*T*04° 19 *20MDEY ) 41
o s CO0ED TSV 2 SAAY JIOSENIT I VOSSO RDRY
0410000 . 248 )8 -0%00 )
cet 40000 €°0-30nyy
Cii40000 “lee® ft -3V}
C400CO 0162-0947 IWvicve o0 WO INEIRILI0 siiva SHYWIWY W11 SiNM|
€e1$0000 AWy JNIg 04 NG UNNDEINIVE FIWEIAY
(E7E77.0 0 ) - NEOToNITHINTIN] 3501 3VVECE] STSE YOV Y
€1 140000 ONNZ-0(0 WIS IusHYEE ATBINT WiiNe
CLishoot (AL LB ART A )]
01740000 LAY LAY TR IAY 1]

[ 174
(224
(1,94
MWl
%)
14434
[ 124

- -

(1314

5

ol
s2¢d
167

(2424
1088

- - Lo LV ™ 4

4-81

(1434
10¢2
[S4 4% 4
3
b
~o6?
(Y 1Y
h ]
[ 324
3
(1174
[ TR 24
(3424
Yo
voop
1082
0082
9
b ]
[, 424

3
[ 1124
(144




L v -

o, T YT Saand
agytean

{Continued)

4.4.3

2100 Mve

00100160 &3 /20700
INO I Peu4sQ IONs g

[ L3R LIETHT] L T U R AT RFY RL]

cLevecee TeSUMITYI-HEGIR JE Mg w4 V01° 001 s Juai B e 2 10%RL)iTNRN ¢ YQE
C{o0OULLO ey 10£10°0) 210N
civ20000 e dINVIOVE R 30U WHAVAL‘BLES, D5 00004 ¢ 218°00 03V 004 0910
00N IUC00 .. . . v _(uetecordsien
06t Y0000 oD VUMT- g1 IIMVIOVY STIVN NS0T ,90Ranre ‘88 °C 200311 0vnund 0518
e L0y IRGry 19C18°% s un
cLIveee TadVONY- 31 MV AW OADN (13§00 BTN BRI M I *BO L 21 N 1AVNDDY v¢ 10
2190000 Re 491000 130N
COIVCUCTE 1IN~ 09 OAJY NF INOD SR -SI0:°BE1°,Rude*BL°C 200 N0 sVIN04 2000
09490000 . - . . . ... Bug (2elee]) .
CULY00U0T o DIDMY-40 WYDE OADEY 135 SN0 “SUMIT RO W' Be°C 2100010 0VNONG OG10
02190000 [ YT A1 M IRTEE ]
clgeocco oSNV UL ATWIND NDAVR,CRZICMTS1°00°L 21 I 0IVMUI 4 OV IS
001 90000 [OOSR L AT ALIRNTY] L]
6990000 Co°SNYUL IIVINIING SFIVA-BIV, RE1C,AUDS 3, ‘L 2V RINAVNODG C7 1D
09790000 - - . . L3 TUNRTA L Aa 78 1 1 L R
Lieeco00 To°SNYES 4%W MY EIIYP-OII LY. *B11°.0))5,4.%00 ¢ 21310 AVR0YY 010
0?9%0000 RI)%4 ts0l0°CIdiimn
€4990000 o *SNRUl AD4MNE ONUNIC*S21° 21548 °C 2T 81 VOO S OO0
C9990000 2981 (10019°0) Dsin

w1 9v%0ece £JONDIY S0 LSINUIING VD10 N0 e NN ICC 21D P11 VNNO I OY00
(e 2 11T . .. . PO MIPTTIR T X L8 12 T1X L I
cie90000 Testvng Jledatmiy svdiniaziiemnaetsnée 213t stbavnens viok
Cov90000 "3 10¢00°Y) DiTun
€6490000 (7748081 38% WWNDIS BUY JO4000,°S0L 7/ 79 IVaIN0 ¢ 2008
094 %0000 12000°95 351w
01490000 2
CY99000¢ . . 4N iNDoge 2
04490000 SROIIVINIINY JERICINNIING INIBE L) BRI BN SEhiNulItdo 2etile )
s 9COCC atet O NL0°0° 03 1e0LIni 4t 0%
OLS 90 00 b |
0{$ 90000 “LIOWN0S NIV Of N0 wirig VI 14D INTWAING) PSION TWI0g 3
olsv0000 (°200834 e Lot td Mo T oelletve 2oeMidMMIJWOL-IliIteN OV
00570000 L. L . - . . 2
€4 990000 SIUNIIY A QIIVEINED S TON UM OF W wIRDe TWIIJEU N ILI0M b
09490000 (PISI A ZCTPTNINET TR LI T JTRFSNY ALR3YE N -171
©4 290000 2
09490000 *iNIUBNY NEVQ BULDISIO-.4TNG O M SIROSL VD160 D) IO b ]
[LXX 0.1 163 39/010 §31 100 §RGe P 2 ) LVDS~QIg I OCH
0YYILODY . ) " - w
€L 90000 SILEON BIT AN TeuY WU Yewwdil U1 e wimng tedlied 8P Msiom
Clryv0000 (020014300000 11/ VL[N0 1RBe I B o) LUNS*NLeIN 00

c 1890000 2
COVYVOCOQ O $Y5IVE AQ CHIVEINIT I3 10W JONS UL M BIR0« T9I1160 03 ISI0N b |
(st 20000 1450870103 Va0 4L )imed* 800 210 1D 034 % Ol
L TE I DY)

1490000 13,8008 1W O
CYCICOOC I wIN04 (IV31140) INITWALINOD F390% Tvi01 SIIVINIWD WOEIIDS SOInd

©4¢ 90000

coC(900CO

01§ 20000 -

0% 20000 ] 01l Y M 1) vty NIAYD SDRVRIOWOOD
oﬂ!:zci wioth 16K kv mx.w-a Li idin r e widuti P lae hOlOB 1) ibeion) 109
00( Y00n0 (1199913 tum 09
or2eccco 09200 IniofatsONi-wwdaldesd 2ot ned
09790000 b4

oW A

1.82




TS50 e a5 A A B 5O b 15 O

A S e U

visicoene ol 10L18°%) 43 tan
oY LooT (o"SNOEL 390N @iV L1 stmia'Be s 2LEt0llstuptr g 0OED
SetLntot ful (00 (9°% 10300
COLIOO000 (43I0 NI INE UPIVN-GIV INvus ASUMNI. 070 . Ponic e e 200 00 sverentp 4260
[ TR L Lo R e e e oo ) Rye) (L290°9) )00
o0t To*invgs a% i) odivm 01 vy dp dnltd,mrnnsctas®s iR 4%l pvmend LS
041 § 0000 AIVGE (6B10°9 1 Is1un
[2YWY.0 0 Co°SNOBE A% IND O *BE 8. Wi s %as L 21 010 Jvuwunys 2040
cLtLgo0co i t(ote e i jjen
01 {0000 1059088 MUMADNIT SFITL011° usdu) tos s 213 30 )0s004 COL O
Lis0r0e ‘ .. yewmy ‘."......c- *ote
©04 10000 oid U1 b {0°0° IVungisl
CeliOOCT 174000018190 ) SN ), *S0%/) sY000 ) (49
©ol10000 rete
64210000 C/7eMOISNSININ0V) UV DY UN 00000, 80 1 ,494.°08°L 21001 /00009 o409
cvss0C00 tud (ah20°00s0wa Bo20
05¢ 12009 . e e oz s o . 1049 04 OO _
eom.qaee 1,000y Wil umIvi ivedav. ‘ol ....t...e.a.:_.-.q.«;. [ 1%,
i o000 80 (0620°%))stpm
CL10C00 1.F)IA g0 OV SADE NI OVE I 2sl s 1%, 5ue.t03'¢ P00l avmuny 00D
0tii0000 ‘ad o0l dilen
teci000C CaITMY-a JINOIOVE BIIUA -N),*309°,30muur,s8°s°P10%3)is0annyg 0408
e 110000 R i ~ L . Swng 04 Lo i) -
€O17000C 109NV - o0 50 BAYY O3 si0) -..3...:..o;...:a.nﬂ.:..u 4+ N
¢t 14000C LILTIRE T4 IR TNY
CYIIOCUE L, YT o WS OAIF OF IN0) IR BIT a2 1,550 e "s8'¢ 210 000 vaone 2800
o™ j 10000 tang (2920°% i DIam \
tejgocre 10V e - g0 59 OAYS OF N0 Lm0 1°,504,°34°¢ 0120t} svmunid OO2S i
LIEoE Ve L. . .. . . 11 <2 .
Le110000 tedonisiev wAYe IV ‘uve Vv e ut'.......n.....:.u.wa.“...“t!.m (241 ]
ol liv000 Y (0820°% Rjiem
cctiovoe To°V08 08 AT DM) TN, %00 0%, A g, 08¢ 200 000 avanDs OO ~
0404 00090 [ AY L A AN TRE ) © -
COLLICOTC (27040 NG SRIVE SIv'Suve) 220D o1 . meis '0e e 20 S0 ivaptd L2128 n.-
CL0I0000 R aylg Svlreviditen
tevjo0ce fe'Suvas soabhd sdive f2 POV o E1 Y, u0i Pes P21 sl bivadhi o028
oA CI 0008 (D) TINEY TS AR AR TNT L)
ostjeLet oSV el 82008 1,0ttt , i ten’s 200l dsvmeny 1000
tEcIvtoe 74 C4020°%Rgton
tIC10000 100800 0i YBumatom)y su it folt?  usig,. 50 ¢ 200 00 s0nenid OO0
(Y734 ] yewig 13020°¢) 2 4ol 2009
00t § 000C 28 i 1 160 ¥V Ldst il
(4690000 C/uNUIINSININT) oV WL, "FON /I JOURDY €G30
90 20000 teo20°®iditen 2029
vis9COCE CeONCIT) D SSINTIEME PRI QUL0OL", HaMELPL°21 030 10000 e 1O20
(98 90L0C Yoo 11020°% ) Rs0n
Cae 1y O0¢ (77, 800538% MLI0N W0 §reInt,* T 7470 40apn g CO20
e e 20008 IF R MARTN L]
XS 1241 100009 GAYIY SWNILNT PV s 008,00 0084, "0 L 210011 000N LaND
(Y8 1 12 (LT ZIRZST LA TR L)
C1s v 000 10390 ¥4 490080 CIAIDT0N 10N 1°480:°38°°200° 0004000 0 Pol0
- COL YOO TT ol 10810°%0 04000
.N CeerCECO 1019 #0 MAINA SVDBE 0 B’ POV 380810, ° 08 0 2 I BTN IGO0 ¢ OOV
=1 Lob 9608 eId1] 100180 10100
[ C§9Y0000 CoBILUD M i0IR SLWE VAP0 071, 0N, "L L R0 RN 10OONS 400
- oveCre ARgd 18110°910 1000
~ ° CLOVCONTI 0 MIPE ) ONDY) GICI® T WMe VINIG 0T AWM, "oV L 210 V1) jP0ON
~ m 00506 140 MM s20/48
|} e (L Y Y PFIYAL 1Y
b ~ (100 ¢
S
R q
@ -y
B: =

[ |




PO 100 RIs2CIwe
iC ‘et e’ Tt

{Continyed)

s L Ure MU

(SRR P T L R Y

1.4.3

COLICLTL LoDV SRIING SDaT™ BIVINVE) 430 MM I "0 1 amulga’on’y”

CisgovI 0 aAnily
tve L0000 10°3808) 299 I8) U YA O) GNAGTI,*01° 85080, °04°S
Vel 0000 LB T}
L L 000C (W L TON ST TR L-RDFRd (RRANY I TRL LNl N
L foeee M
t764C000 10°3NT03 JIUMOtUNIT WD *S11° suml g, 000y

AR AT RTY L AR Y Y ]
288’9 Mgt 0n

MATRSITRLL TN .2 ]

16000°®1 04000

£03°51059000) 1049 |

11060° 91 Dgaam

LIS svene SOLP

tivsocce tHels (L0000 21 00E 000
LU OVe0 2630 Of U (0°0° IV el )
coLO00 17.800 N8 ua0t) NNDIVI0 - W IV L0007 04000 e (060

(1050°%133t0m 059

CI0I000C 17,0001 1INQIBIND) AT, NN 00.0...-ﬁooovﬂnt..nrmfnﬁc-..-s.-!gc (X2 J

Y81 00CC 108
04040000

£9040000 (W DR0G PIOEIPINE JIVEIAL, ‘071° 2080000
tE0I6CoP iese
So0I000C L2AMIA 20 Qe RA2E ML OVE ML JVE4 ‘1% mmgs D80y
eIy 0000 oy

(14781 .. Cal¥ONT- g0 JIMVIOVE BIIVR-G),°0001° . ONN0D WY, ‘04 s
e 10008 SN0 e
COLIOTLE Lo )VINY- 200 0Y CADR 04 AN0I SUM,°010° 03004, °B8°¢
ctse00CC oteny
SYLUCOCCLA Y INT- ¢ WO G220 0L ANC) SATR- AT *B 11 40004, ° P80
0t4 10000 Leonyy
COI0CTC 1o )YONS -9 WO CAYR 03 AN0) *SANIT. 021 °,30048,°00°

ot 1 {o00C teve
CLLICCET L IUNINIEY BADE 40 “TVE MDA 021 oL 06y
01¢40000 (21 A
eiic000 Do SMVEL A200N) GIVS P01 %001, °P8 ‘Y
e 910000 .19y
COSIOTTOI DIV IUIING 0DIVA-SIV LN ES 2I0MD°PTL  cRuLEg, "L
04 %4 0000 nviog
[aadidand e 3005 AM) IR U} OOV 'FIN o300, %00
0494 0000 LRl ]
crrioeCe Lo 3MVRL AJOIND OPW 12,821 0 2o 0o "B8 Y

(6405°01 31 0un S0ve
1040 04 ™

2ipsitjowany 06v0

10000°91 34t 0n

.~=.-u:<§- e

t10000°%1 05000

MATREIRNL . TN TR ]

1820 N ipn

212l sveUD s VU0

19998 °9 1 Do om

“Cilottiven0yg 29w

12908°9 1 D4

‘2tI°slNsvmenne DO

10000°9) 3100

‘21NN avern0g 0L

[E SIRAIRITN ]

i liireen s 009

(a3 M INTNL L)

A RINNYL] ., TR T4 ]

13298°% 01000

MATRAIRNL L T 1, ]

160%0°00 Dg0n

.~=.-w:4!8- 1cv

L9 o00C 200 15000910000

el 90000 (e°3090) HUIRAIWIY PVF1), 001 . ¥ 9305, 03 °C 21D P10 aPUED ¢ 40O
civiceot YEL18) (LA NI AIINe GO
COv} VOO0 0uc® Q) U 1970 PV S3uaI 0

0051 C00C W NI100101WI) AWE NN, "0 /) svurené §OVD
094400909 14OV 20 D tun fOv9
01410000 /. MD1IPSIOIND) BTN ) UN ccees. 0t 1) mug ® 0L L 2R R170 000 Sall
resioco0 o8d (0 (8°VVITLIOR Sl
® L0000 10%9 03

cosiocee (rA MO BANETRIVE IIVEIA Y, *0L 1% w0q, PV

CUL OCP0 (1]
CLMICOEC (oM DIA U €% AW &1 Q0O PN Vet *PLI cumg. B0y
cisgon0o0 (L T]

oL otee So I My g PINVICVE SHIVS N NCT umper, “OL S
08810000 R gy

[ LYRI X (o8OM% g WwQ OLIP (4 LIWH) BB VA, "IN .CuRg, 0L’y
[YEY T 2714 [ I Y]
CVNOCOC I, I 7Y o0 S O/ )P OF IWD) SIS )V, P71 ° ,wamu(, 04"
oL OOt vley
evejReCOC 11190 - 0 08 OAD® O) JWO) "SIV, "PL I uve,*oe’s

18y nove (1]

Civiotne 1, 00010549 SAXY |9 "Ciwy TUap I04%, 00 1 . mu ¥, "P0 0"

‘PNt rIvaROg Oui®

tonte’sydjinn

‘1NNt iveun g POt

Todlo*NiNgtan

‘rLpcotsvmBTe £4EO

10440910 tem

“ripsilivann ) sole

tee( o' deton

AN ANNLL LIS 1]

(B2 M IR TIN L)

MATARIREL, 1 TRE AT

1o9ts’s) 1)t un
2ie*otdivemnne PLLO

4-84




-eream vogmn

RO S WL R g

Continued)

4.4.3

<ice e

[ LT LN S N VL Y RN
10U souasu IO,y

PRV bt itbibbeendhiiitie,

CHIVPOULE (. JISV) nET Sud SEIBD Y NI BN STNRY NONG e
€O 8000¢
4 490000
CLL000LT (. IVFL EEBt W Lilwl) Gl 10N ¢FNA WONT WY
Cisteoce . . - . -

004 0000

CAIN0LO0 (031001 AIADY WOS Tiim) D Wi IR 10N 3§ V0Rw
980 00e

*otesl. ") VOt V20

toles ol ijiun 268
e 01

‘evued. ‘s it tvupns ti0s

L
R M
"BOUE). ‘PN VWO ¢ V090
totoe*eiditon ¢l0e

€7 v00900 ot 8
#94980000 10008 anmm Y 902 S4ini Wta)in 300 34 07100 “Owud. "ol ivapog (100
[a3dacal - oo I, L L SHIeeYIpiIPe 100
o8 p000T sods 01 9
CLYPPvO0 17885 SNEODY SUS SLELY NINs IO S L) A “WDEPI'FIN SPOPB S SO0
[Z2Y 1237 19004 °9) Jite0 40N
i vo0Cee 044 O O

e vooCe CoBAIIOIDN ST Yy “Enougstollvumng 100
felerxo q ‘e19110a OOOS
tet setce Smsite onwe) 3
€11 00008 ohes 81 O

(4, Y 272 4 1.9900r0% 1I0-ghning "B PL e el 0N M 2004 21 080 g0amtr ¢ L
o4 s00Ce 10ePuiOte e’ Biton

(st pLece 1000318 40 “B)% L IIm w09, 014, L a0, 00 0 200 0l TUMN 3 Ooel
POy i . $iatnipneg ol pitoe
CELOTCLT 1.3M)ar) saet B, 00 iy -ama. atticrodu.ocv 2t otisvmmn i Sled
[31Y P (IR TN XY Re IR FYY ]
(CLOKTOL .9V 1101108 B0 WM Me o1l °.wiat,*ss’s 210 %0t svmor g OI0l
ca s pROLC sfatutofed vt ditem
coLvTr ol (eM@ITE 48 ‘WP PR Joor avg. it .mam,’es’ v 218l o0une Clas
[ YR 3 sleduivies’ VI pilon

(9 pCrog 1. urnog Ve r100s 16 aWo e d Db 4, 0580/ ) jeunny B0l
o8 ¢ POCCE 10040°% 1 1T nn

R R I L NI IRV A NN TR I AR PR IR AR T PRATOINFAR AN T NAVE N L LU AN I ol o 4

")
L LT Mot ores e diten ©
€lstree $,03%s B U8 JUPSITT 3 w7 P10 108084 LTI sAN Mg 0040 1
C1reor e 101 0atcal0 ot i110e nd
o800 e teopmue Cfmor vl

DY T I T YT AE Y AR TP TS AN AR VR R RN N1 Ok U PRI A RE L1 o B gL, ]

ee fotcL e

LIPIRC AT RS TNIRY AR

CHLIMOG /7 4Rt ieINn Y 00T 1% " o000e, 0t 1 008,34 Vv 210070 Jvmany D

[ ARE B84
" 1epree

tos teda b0’V doe B0

LN 0} O

coporece teahhio Dutu goayty Pruadde P el 1%, Yoa.?evC 200 0 b avneni 0400

eLientop

ive tORAO VR ELLIE®

PLIBCCCE LR als ¥ Chg #520 N) CUN PR Xa 1t Rt en Tl el b grmen g OGO

(A RE L ) AT JY AR T NTY R L
tetoreey Tt My @ ¢ 2ULICYE G4IV® Mt act!  tam e, %08 L %0 N gNnmr s (50
[ 4 A4 X Jnr ey 1044 0°%0) pttve
(o brec e Fo 0 & ok Lh7e Tig MUY «ViWE, 20200 2780, 9 p (21000 Souan g YO
4 COTO0D [ XL AN AL IY AR TEE )
ETLOCIRE 1.V My e w8 0238 (§ 4% ) G4 @iV, el Et )@v e et N0 sumare P
o etet e 1084 12e40°0) Jt e

tegoreee 1,000 s 20 2418 g 01 CArampt 0t 200,000 200010 s men g o %s

L LODCC L 19¢ 1N LR’ 1 SO0
clebere Tolor based #8870 oW 004 Woag YR, 0010 70, °00°¢ 210 VT Jover) PLCP
(214 16334 [TANI STAAINTRY
remorece Le*LL9o] 4ol ghive, ‘o1l 00 . %0t C 210 sll,vwen ) RoCE
fasgagee 1) TN O IV

i

i
..éhﬂnll—
.nli




(72T TR YIS IR L AAFFVRALVE R F{ AALY [ RRINW AA IR AL EYNAFIVERL IT AL MY ELE | A4
CIIGDLO0 “UWB  902°% 290 ° 0l (0l "*2 00 o (L 200 999 Q2 '0li 020 ‘000 8
CONGOOOC “000° 920 990 "0 0% "L 1001 "0 "0 1°*482° 12T %106 " *00e "8
(Y27 T RRL TRRL Y RASY  AAJVIRAN{ "RAJ YL RAL TY RAN T "SRTYIRR] I TRAY " YIRL] SR AL X1 ]
[0 RS DS TORAL  FRRTR YRS YIRS T ISL 4 c JAL (Y RAL . MMV ARd (T RAL . T RA { [ 3e NN

-t el SR

ol v

(Continued)

4.4.3

100 MIve

0410168 43720740
1904°060480° T )

IUSECO0 EI0 (B0 110 °° 188" 190 10031 ‘016000 ° ‘el 1 " 2e s dug i deta tppe s

st

ML A I XA NI ATV MRS I VRRY TRATIN AR VY Al 1138 T34t 1~ 24 ]

04500000 L SR TSN T AFRIONY LRI LY REST FARLY (AR R4l 11,1
09060000 LTSRS I AR L AR L YRR T YRS [T ARd | | RAL T T LR Sl g |
o4 040000 YT RALTYSAS AR AL YU RS TVY MR U R IV AT - YARL T Rl 3}
8860008 RS YIS S 3L L RSN TRQIUVRALTT ML [ T AT A T4 U S4d § 34 FUNNS
o1060000 L ITSRL TTRRL M LT YOI T AR FARR Y Ta Rl YL T S L]
(4~ 1] OIS OV BT LN 0L S0 00 C000° 990" 19 Y
oss 00000 YT ST YT SR L M AL AL U R TN AT Tadd " T oL T R4 (2 |
00000000 M A S I A0 U AR TRAT AT LI MR [ ARl ' { JRLT RAL L 2 |
!'..80 .:.o..ﬁ.oo.o..-:lv'...’..-"...‘.O‘..':.o‘..c.‘.
£9¢ 00008 SRS S hle SRS Th Y3 "SR VED: (RS Dl S04 SVIU D JWN 11, RN
F9600C0C eeeOMBINL /LNl U N (00 Q1D4T ORiNeee b}
Sr60000¢ 101°0211) Wes SmysudvIg
1400000 wiS‘naroy ed9BiINg
gle00000 12-99%pe 2038 vemy
€ le00000 1502°A) 90 WD RN 3NN WDV 0004
020400090¢ [ . . o . oo w
e 80000¢
90000000 ond
cto00000 [ T3 )
TIPO0C0 1100 ngsguiinl 9O
sL080008 LerSSIMN MM JUVBeud INE OW 2
s1000008 . . S I | . ¥ | I
5 000000 10- 1009000 "Gt Ti-11aWiong-TI10Diuatsiit-110Sning-Bi-gursuns 56T
1000000 1ROV GO JV eI NG )
s1000000 0106 0018 ‘Orot (1109 Ming-90 48
COI00e0W tefeg) 0100 M
o8 90000 (2] -
§$049090¢ WARIInl v WRN eu) ) *
c110000¢
C*49000¢ 70°08°0°40°C°00°0° 40
s eco0e 10°CE 0 490 R0 LL0°0C 0 LD 0N TP Sl ‘D 08 ‘e Ll to oY
tv4 00000 SR A A RS YL I L VAN & TR ST AT R LR M R R L AL A R L}
ot § 0O (PRI TN AL VRIS YANRS F A MY EF RIS RA RN RREAFRI MIRI A F7R 1L VIR J1 1 )
CL19090T 10010 e 1000 g g WOt INIQ
01499000 3
0000000 IINVIOVE 40 NOIIAGINITIO S2IWR MISUI 40 78 WIITNNMUPIS) BYNEY 2
L0 990C OC (LAY LIRSS AT T 1}
099000 [(FEIR JIINIRIR " ]
01 00000 101401 G | TN WIS OO0
 addadal . _ )
24 ¥90009 bunibe icie
02900009 (2" 0¥ ONBONT WOS S50u() W) JON V)R] “ENUIN "0 L) JYRE09 $900
c1v0ctCe 11000000 tne V5
91900000 00 01 09
1990000 tea%9) arwdt WO SI0MIY 81 i OB WA Ceiee)d. ‘ot ivenns Sled
1908 9151100 §C00
"ﬂuxao . o . Ll B8] 09
00400000 1,409 NS00 G0¢ SUINIY Bl SN ANLO WORD O “WOSUd. ‘il gvamny 108
el s p00Ce (T SOIRTRE N Y
2940000 osen O) %




[ R Y%7 il MM (Sl Rl I RAY{ Al F RAY PN TARL TRAIFaRraN I F L ¥ ¥ 1]
LoD LLD C2°048 25 Weg OO

e1% o8 »
sveeceLe SIMMP KNS MW IOT IOMAGEIY W) ]
oS y0000C FYIVOITZIRY R N TY il JILTIRIJYLY o %) -.31: ﬂ- 'gq A B
03900000 wiv‘ua't’) od9 ..u
Le et (YRLIR FINTRIRY |}
*2ve00Ce 16079 W INe W)s 0900
1900900 b}
SOV [ 1]
08 5090Ce oo . A L .. SgRiye
W00t aie )rae wiinl] whi ﬁ..mt.:n" ]
8 400000 )
o900t Ce AT TR IR JITIIR A NI (11
C4Le0000 I DN IO EBEDI L IR T TN RN ] T8 (f N 3
0% 0D000 ]
(o812 o 11 S e s ik ey . e g
07%0000¢ iwd 0)idd omid ¥hi !.mﬂuu.-.n« b ]
sitec000 ]
LOLee00C b1t vens-C1-C0000p00uiteltr-04d
084 40000 TN ORI A DT R YIR L TIRC SR AR AT YIRS TR R Y1 3
Ce 0L T NONg v
L BkYsOCO® . - SPNINIIIE WOIAYWoujivt (N 2
9000
£3 440000 101 000%0 -0 W 0908
coserote b
Stys0000 wengde
cive0e00 )
_BlveRces | L. e S0 )y perevg HEDD_ 09 MBIV WeVIIN) iw‘
[4 477 -0 14
06§ 5900¢ MBI UL IR ANI R AININE TRX TR RIT ] J1)}
Ly 20000 0tDYoused et et e inprens-Adettiot-E000WNE-Solie ~
et soo0e =PI NI PIOVEeta-ar LI veel Ittt -0 0tDws- -SRI @
[Py ) AN NN IO IR ML IR PTIS PR IR IR D JY24 [
CILLOTTe SEN-EN- 1PN PINN e tA- 4T LITIPINN 10t39T-C1 00D WV IoUN) WS OLO ad
tofoecte b
¢4 0 40000 18019 W1 §Y WIRIINI ]
2t spcoe b
811 son0e TR RUMNIDIL IS NI TA  MIAITITE (T MY, 1
cotep0oe ezee 08 0% LIV QN0 DYeu B sel o et Nt WO DNt Abe) 20 0C
te{ageoe CO08 01 09 (EI1NIDIRL DI IV ONE I 1 IID WUV I°A4) 9%0%
eolevcot 3
CIr00000 AwvitIIIm S) NOIIVVOEU ARG 0 BAS LVwE 201 OF 19IMM) MOV ]
coegroe ?
S isov00 OLOL 00L oDt (IN°01D%Y)-3020 ¢t
(A XXV 3 2] Tefel M
¢t fecene o) 02O
tiletc e i ' ’ YRITIGT T WMITNIT WISt Sul s 7
tizsoore VIOV DI OIOL LTIV WNE-AY Y
tedereot 9
o8l b0 t1e0er 908
e ¢ tapoce [ 4
M citeocee NAPIINI OEIA OUIS ENI 4 )
-] 30158080 |
< €4 100090 €11 1° I e0NE QWS ©°)9° VS WY IWMISIIWINNES W IWIING ’ }
he es faroct vit-ofe Wi WMOO S19eht-pull ONld Ui Dy MEUIN] YHE Wi Ten) 3 9
~ [ -4 t1 et C VIV AR X I R AR AR A TAAISIRAIYIRAIE R4 K Nl ] ~
“ o [ 1Y NTV R Vry{ 77
m < TR vt , i
nn 1100 M4
i
" .
P -

i
Wk R e bl el {!ll’




(224 X1 27T ] FEV- 0900 0B PuP9° %00 ML " 0L 180 1" 4t DY ‘01 MEZ 18- N21°8

(4. 0100C e AL A IR Dl A N RIS - RN ITYRSALY RN TR ot o T IV AL ]
LaZidledd C0- 010000 - DOVNAD UL - DRBRL g - TN 00 - DROR 1 00 J00l N 0
ot 7ote00 AR LAIIRAL  EX TTIRGL . I8 L LIRS RS INARL Y YITERL ¥ 2 4]
0201008 . ¥R-2VMCL OB -DOLLL 90 - 2N CO00 - DRILY TR - MOLY o0 - NV Y
t17010c0 CH0- 1900 0 MBI N0 OVILTWE S0420°00- B0 1le" Y40-BlCOI S
toleiooy MLANISIIRAIT AN YXIRRIT RS LLIRSIN RN IVA RS AN JLIASIT I3 1 1 7ol ]
tai0iowe ML A I AR L BN I3 AR T AN A TaRI T RN I RSIT BN IT L R 28 71 o200 )
evioloce CLO- DLV L0 DVO0E 10 - IRCLH° °U( - DeR VI  *(u- PBG1S° *(0- JO000 "¢
L210100¢ CE0-IVP0L° 20 - BILCI  P0- OO II° 20 MaZ 100 - MOV I°°2C 0089 "0

COIOIN0L “C8- LY 20- MULRE 20 SLLL *L0-JULYZL L0 - O9BL R0 - JoVeE°*IO- N -
CLION000 G410 002N " *{0- NP0V *20- TS 70 RV 20- JRIG9° *20- 280000
CAIOI00C *20-J0400° 19-2C008°°1C-20010°°10- 2308 1°°10 SOOI *10 OOV (°*40-
CHIOICEE D1G1 18- d401Z° 00 DEOO2 °10 DO OBZ°*10- DOVLE°“10- 00 004° *40- DINe "8
CZI0800C 1C- DOOOY "L UN 00 49 1°08 "SI 0L 2108 1 10" 10°°00°0°0°0 0108
CIIBLOOE 9 °0°6°0°2°0° 0 00 °0°1°0°0°0°0°0°0°0°1°0°9°0°4L°0°4°8°1 "9°2° 0108

[ AT T .-3.3»3.&:.hu-.bwn.u.w.-4—qp.u.hw-.-...sjv.o...n.- °9°9°9°%°98
T R R L R A L R R S N R A PR S L I P S T R O A ST R L I e
COC0IC00 0 0 L 09 0 8 0 0 0 0 0 P a1 °9°0°0°0 1 °0° 1 *£ "1 *9°0*4 " v g % °(¢
CI00T000 2 € 10 0°0 0 R0 RO L 0 R R 20 2O 2L 1V PR I RIS VIVE

o0 1000 $2°0014 ) W) WBISHUINIG
tstoicoe ]
oYPRi0e0 . . TS A JTUTRRFLY Y -31: 2 U117 2 |
ot rotooe nguiugnt? i) ok’ 2o
cieoinve 17- 90990 4170 vemd
c1001000 19000 Gl RS WY 000§
toosiene o)
[YYVe 14T WOns de
[1 .22 U - e e e e R . (" Loehusudeipane’ (- )ap Pol .
C184000CA-"1)-tunte’t-1gs dolamny-"N0eilueds VuBI)te’loomn fo° oot POO- LOWY)
€18 40000 IwneL s ) ?
¢14 $00Ce CNEIAIO ¥ W4 NIV EDD) UHILIMIOE) CHIOR JIYWNIND )
¢reecene tove ) peruudy M
tssto0e tanyItdetoode -
0L 0000 21994 W0 wes 1) WONIWMI B :«hﬂa’-» 3
cteaccoe [* 7} .
sesa o0 1708171080499 130 )* ) 08)
ss00000¢ 19°0I8WVe P e
CONLL00¢ 12-90%p0 4050 %
Cioe20CH 1PN’ At ssviontitavet®d Nl ng WO 000
000000 . [ .1
o000 00e ons bo
ceaatoTe (FAFIFA0 LIEI N 117
o1 90000C SNt I WDt e eNI st N ]
cl040000 Ny de
€ 1040000 ..33
. SIGE VR0 ILC @ IaN N - IP PO -Q)) §L°N - 0QQVOV ! 0
et R L R St T {1 T Rt
€98 00000 [T M CIRM ' MEIIMEIZE TR IX]]
¢4 0000C tedet OV
¢t 9 s000¢ [ 2T
— o4 jaro0e o wne Washiwl ent k]
[ 4] ?
,m .L“M.M“ nure
< ¢4 4000¢ Y AR TV Y AR IV TR TN [ R T Y TR L TR YRR T4 RAL YT R
het cla0cCe T T R Y TR XY R R T R P TR PY LR T TR VT T4l )
d ~ M oL IeBece LY _YSATIVIRAL L AR TRRL AL TRRTA Rl St Lhad L RAd LRt s Al }
u .w 0LIPt 188 o2 /l0/0e
1 $901°8404%0° 0978 )
te ~| o100 Mve
l% -
h
P -
B




Gt 4 POUS MRS
SRI LI e AR

{Continued)

4.4.1

4508 MNJ

LI 140 M1 /20/48
190¢°960410°700% )

setotceo
0t oio0e
Citotoo0

toidtbod

aloiows

(A}

e oicee
citotcoe
to4 31008
celotoot
coioNtee
Cizotcoe

12°308 vVl o0
T IWMLTING MO IVINNINE ™

(LIAR R IR0 JTRARSARS LIS D J1)
CLLOIOTCIOIIET - 0300009 - 000 000V LI/ZEEI T - 10000 -01)-a7 Y -004)%001 1) OF84

SANI0E MO Iy We Iy
OIS 008 Blel LIL RN IWVI-B) L

ey oy

[ A4
0 Whs WaAsIMNY @09

Sy

?

bd
?




S S tARE, 0D v

AR SUR Sowemiy

{Continyeaq)

4.43

lebe »v4

WIIvIs0 spslCI0
s iselsocrous )

DisOUt Lt

€9 00008 1900 0o 10100 *4000° 0" 0 1 1°0000° *F 20O
04500000 “4000° ‘0 eCI°C0I0° (VOC  *$I00° "S0UU° ‘C 00 0 0IC L0 10° *4000° (08" ¢
CO00CC0  *I000° 0 00 0420 *L2IC 410 °0LI0° 2s0L** HIrO " 'C 0l 1 (V0 PO1 "0
PLEDOCEC “HIIG 4900 08107 4000 ° 2100° ¢ "o 000 5 150° *0099° 2 99Q° ‘%0000
CILOPOUE *Lo10° PO ID *VI00° 008 000 1 120°*0LP0° L 440" 4240 ‘2 (00" ‘aulo ¢
CAIS00000 45 1C 0200 "L o0 {260 1100 °SI00°° 1980 ° °$010° 2 199" °v008° °C 100" ¢
CC4O0000 *LILC °(40C *C ol " VP01 0601 211 020 1 B00° 0001 ° 0 000° 22400
COYORO00 “OLSC R JCI0° "0 o2 41 LOu L VL1 2O 1° (0 ° 200" 000 L °¢
Ce*IPLeC ALY ARAN TV S RRN 11 RAXTIT AR L AG! A IR RATY TRAL TINASY{ LI RA L T X R}

T i S TR TR T had o TR TS I ARV T URAL T M T4 A4 1 TRae TS 1004 T4 1d BN

P T R T T A Y T A S Y A Y A T Y R R VA T R R S P T R P i
[ 232 o MYV R IR I AT NS YA YA TAAIL I TR T I I RALT LIRSS LT N Rag 7 % AL 11 34 ]
CHIQOOCH YM O " 14 1 010 01° 0002 ° 00T 00 0102 B0 23 LRL 1L giaN "
CLYDOOCC INIE sl DI 000 9001 ‘SO LB (" *901 0 NLIC 20N " 200
CIVOOCOC *£186°°CO0E 0000 BI040 00 0008 ° 2001 %2021 PPV %0002  * 0078 *8

CGIY0000C .. “aSAECCASSRICTMRETCLUNR UL TLIYP 0NN R IRCCIRC0NE0E
COVO0000 82 C1LZE 9010 2T IS 000 ‘ot " 1418  ‘etas’ ‘atte sTUDAT Y WIVO
044 00000
©8 L 00080
eLt 00000 79°9(1°Y000° 0 el 1°6100° *L000° 0 e 100

CHODO0P “BUCL 1200 008 ‘0 ° 0011000 ° 900" 'L/ OC 0B ‘T 00 "0 10° *2010°0

. S0100008 ‘YR AID0 LONE ‘B 00 H1L0° 5000 LL1L L0 TIS00° 1000  °0 0L

OVIOOLOC “HIC0 " OL0 2P0 1 1/C 016 °°1100°°2L01 "0 e 918000000  2¢00 0"}
CLICOCOC *VELC S90S 0 10" 000L {0 "C el 1 150°°0200° *BIL0° *04 99" 01 00°Y
CLLEOCOC "0 O 2C LI 10 100  C 0 °LI00° " PUTO L1V *4000° *24%0° *4400°0
CILCO00C PG 1510 °4CIB " LB0C° O ot 14 8° (I ie L i10°°%i0" L 100° 29004
O(OOCO0 N IC OV " L900 1160 °2C10° "L ol 1UINC Lo 41 00° *Load" * 1001 "¢
00200000 . "I881°° ML TIMMCLINEC CINC T o080 .—2.4.9.:3-..2..".:3.“
P R Y R A R Y R T R R T R A R L Lo
CLI00000 4001 OV T1-HC I 00N I S ILI G 1" 001" 4OIL " T0IZ" S0t L 001 S
CVO00CT SO 1EOT LR T CqZE  OICE “ZROE"2CCLT " P00l 200N 2" 0 0p2 00000
(et ada M IR T IR L AR YT I A T S AR AL S I T LN RN Y o D s A A AL A 60 200
LY LS R L R AR A T S T A B A L R KT R I IR g LS AR I L AR A T A

CLLoNee .31..::%:3...»o:.Jooc...S:4.73........:..:..
8¢ 700000 isaet ircigoeriltgciocictonionac i roniitenniisinlant vive
01200000
002 P0C0C
" 190Co0 7°04°°@1°° 49 09

P R TR TR RS T LAY ARV R AL YR VAR YNZ T UPYRY AL " SAd” LAt LAS YARS 71 |
CLIGOPOP * 09° @9 ° 45° 08 "9 OV L P oL Rl s 91 "c U W Vive
ovtececo

01100000 L L N T O R R R TYS AT AT AN T VI R RIR YU RTRY]
SVUI00COP 2 11 P0uRst@ 111 IZUBATII (LI 14010Vt O It I udan ) DIRENAIADY
0¢ tovooe .o..n.a:Q::Q..o.....o-:...o.....:-:.:.....:.33
07 100000 Sratferatedav i eattetId YRRttt 10Enattal i Yt SOitommle
1] jonreop

.h“cv.oo PRI 2 20 1)
2L000000 (EE IR FINIRIRY 1]
cococtor

04 000000

9000000 ‘Ot A0 B} Ludedy

€400000¢ SRIAYY G200 HEY O) 38D DD 190AVNVOL-ADgOY OF V00009 PRIV ICY
ovcoovoe-dhjer A Celité 160V *AJIE 30 SVIL] SATIOIN DB IVWY.- Jheu W
CIUOCOCO ‘ADIEY O Leull VI GIEUVIAID POV LEVOV) CENVR i v SO WeN
CLCO0LO0 O MG DOuV IOVE 00 MO1Ineteitiv Mg JIe MYTE) NS SwIar 1104 g
X (AD SUV RGPV V] 10 ) 7O8I%C W R Wi

~

VR DX A X

4-90




o
[ Y
3
<
-
(=4
I, ¢
_o
()
““(:83:
~
oz
Y e

W10 160 $2/20/00
190 4° 200130 TOUL |

te1tocet PLne OF UBE I PD IV 142 WIC I NI R VI B0 C I 04 N V00 48
¢otiveoe 0°1:3015010°0¢ * Iv° A0 sUYS
cL 110000 TUMYTC I WMTADIUY UMY TC T PN AL S 4V OW L ST D AT SV 48
02110001 0 1e3014110°%1°123°%Qav M 0°$1° § 1V mowv) 4l
gliloece A M RT3 Y AT N L TR A e A R R T 11T
[ ARK. J.1]

coLIccee “MIIIUILANEON wised WS STV VS DPEWIIINGE
ci0to00l ooy
€90 10000 0 09 14r
L Irese 0 0 W14}
ovolocot L e . ares LTTTLlY e 0r twa MLverite

CLO10000 ot eont @ MY ) MR Oy JWnISHINIO Aveny fu-.l

UL *olep Y
cle10000 *eol-+2094%
0P 10000 0o
04 6D0CUO (34
£ 111 T L AP 4 12 I b 1A B * °
tiso0tCe .!3....3..:3.;.8:.3..:.o.«wrg.mnnno.ﬁs.ncm"—.um“m.“

LIO000CT "I IC 220 1510 9000 1100 *C ol 1440 1400 " ¢0L 0° *( 400" *0010°S
CLADOLOE * 1000 2200 " C a980i0 " Iov0 NP0 *CBe0° " (90 ‘9070 *1110° ‘91 00°8
G0000 ‘0 0t "SI0 IR PR " "LLIC 000 1LV D ‘M D 16 10°°1000" "0 008
CLODO00C ‘0021 U1 2011 %001 ° 0900 ‘9000 ° *1990° ‘0000  * 400" *1C00° *P° 0l

oo CROOPROCTEIVE I ITH] T Ie(V I LAY .._2_..3&..03_...“““““”« nnuuxm"wmgn“ -

01600000 Y0 eilovet-doon 17 iqiel lcoet M annd o tgngitind
00so000e LA R ¥ Al AT T R W N AR LIV AR NN AT T N ARIYI R RS [ [ FARL " V¥ 42 ]
QOOCOO0C * 140  SUUT “0ett * 2608 0Ls0 10 *0082° 0002 *o002"'¢o0l " (0028
COPOOODO L E0E " ICL 0208 2208 L2020 4000 V002 (o0l 1201 *0ORE° *P0L ( *0
CLOCODOC 4280 090" *CIBL  UIaL 4009 o0 e d60u 0 g 00020 e s tae t
' .. LX) LY ol‘ ‘n.- "o. ,'. . -nﬂ. L] L X ] LN ‘.. D.
it AR IARTM ) TS MR PR N ot s T s A 0 e S BRI
OVOOCTLO SYS 8 ° 21110 ""OUOL (Pl 1020 "1 140°°000° 100 R0 10" 1009”400 °8
CIUO00BLE CAIN D000 *0/00° 08 00 L 4OV 2OV 0000 240 ° 2 00¢" ‘oot 0°e
CLO00COC E 79 1600 2408 ¢ 110° 00000000 " A1 00 *0100°*1CEV 'L 000" 0060

01900 © LY RN IV R TR = R Y PP Ay LY W P P AL R
[ ddasded B R L AR T TR RN AT SR R RN AR PR IY S TR N 21 .1
el 00000

ovioocet

ti o000t 7120C° %4000 0 el 0
COIOCEEC *T0C 0200 4000 "0 00I L IL0 " *4/00°*F( L0 *$000" *C 00 $02P°*1510°0
€41 00000 400C 100" 0100 ‘0 et Lt oI B0 00t 0 ¢

dhisead ‘0 eg 0oV S ENEC IO VI0° 1000 P09 L e PRNC ¢
w.o.!xx.o .raz*.wu“..zm«.:Zo..:.o..._.o..!oo..».. 508711008
ol i10000e (XA T IAIY L LAY EY AL I AR ST AT IT Ra R Ty S IR AP I TR AR AN As
0140000 T RRL I RN TY AL IFT RATT . L ARSI TR RAYSFL IRILY AL A7 AT 8 ]
€01 00000 L T R S I R TS AL AR ARIRAL v ARl Y U R T DR IV T JRA 2T A ]
o8 Y00e0C LAY AL Y TR T N R YR R VT I RN I R T TR TN AR I TR AR W § R ]

COV00C00  *COR0°"LAt0 000 "SRRI AL 802 0O LI NI "2002 Y
TR A M I AR (S RS Y R I Y AT Al L AR S PR AR ARl AR aAd 1 tadl 2o tag)
[0 dedaa M TR AL L TR AT N T AR TR T bl IV SRl N TE SAL (AT ARl L - T AR AR AR T AT ST 0 0
L daad i AL T AR I IR LY L RAL T TY Rk X AR AL Bl LIS AL T T IRRR L (AR R LRI 11 240
CONOOCOC BT RIBI  OUIL I E " S0RL " o/ 10 "OILV "0 iat 1M E°*0DE° *aq V"0
SR A W FRELPL PR IV AR YT IR EITRAL TP GRd 2 8 LARSNA TG LI T SR I LI AR 11 a0l
CIP000CO I ML L8 1010 "IN  CIOR " RCLE  ICL 000" VLN ‘018" ‘009"
[30eisocdbt AAMALLTRRI SR A A 1< 24d St ARl R] 2R 2O PR L oL 8lda i 0dn 110000 L0 e

L eddbsatd RIS I AR I TR T ¥ IR L iy Y it o LAl

oA 400CE 0 CINCRNTONL LI ROOR P TL TN LALL Y LALL JT RN Y VIVE
09 L00uUe0D

s -

. ~ Sonvaans

L]

LA
v
]

— !w.




(Continyed)

K " SVET 0N A
Y AN iy

4.4,

1008 Mve

POiI%IC0 &4s20/50
190 2aut0 reng )

ecistotce
013 1ovo0
004 1000
£8310000 PR30 SNWNLIN 2ERISA “SWIAIMTNYS Wi SUEY] By §) oM ELLINYVROL A0S

¢oes 1 0000
(321587 )

09 10000

eSS 1000
oes 10000

R S0 TN

ol 10000
Q110009
[ 431 1]
st 10000
o%¢ 10000
ot loree
9 10coe
4L too0e
"t toco0
" iioov0
1t 10000
eltipcoc
8¢ 1o0ut
00t o000
oad y000¢
87 10000
o4 2 1o00e
Ladiiaaad
sl 1000t
7 1000¢
w7100t
errioot e
tit o000
eiiecee
Oa s joeot
et jo0ce
efltoroe
el fovon

a2y oeees

(s0°008- g0 INWA ¢

14640790 1 0Un obtn

LAY R RN C¥EA PLITLIN.

WOLIvIewdiNg YW §

L)
¢

AD
0001 o

. WONYW)IW) e tezswn
WOIIVIIBIINE WOg wOIVE Y

S AL I0vRNse-TOvISH oRDT

NN 3
YO Ivie 1NINDIVES TN

B2°0-7°020VRAMQLI2°1-020)0VISQ-11°1°) IOV OISR 0" /AN 209) 39 42

T U WM L DI WwWm ¢

VINWV-1{ 1939830 -°Cooris BOOY

L FwiIen) e
we 2 Jnive Jelenig
1 MIIVWR-O)-A0IWNI 01
‘Se) VIWN - 3 INY
4%5e7 0o OO of

?° Oiugl 3P TYWMY QUi

LR R PIR .  I

e S0 JNTYA IV WNVITWN)
tel=t @

VENOY s MIIIYIamain] w09 evw sEVLLRIIN oWl ¢

¢l’o,

CI1407064% S I UvE WINILS syv YoMy

Z*'Or440 1% Wy -vi )4}
tel-r 1

medve 41 33% O BIM)

ww ol g e v ww
4-92

-~

VY @ ww

A L]




G TRUR VTIUR Lo
L ALY )

4.5 MODEL UNCERTAINTIES

The sub-models contained in Section 4.3 have a number of uncertainties, due to
a lack of experimental work. (The uncertainties in the signal models was discussed
in Section 3.3.)

4.5.1 Average Power Transmission

Two additional undertainties arise in the models in Sections 4.3.1, 4.3.2,
4.3.3, 4.3.4, 4.2.6, and 4.2.7, in addition to those present in the signal energy
transmission models.

Clear atmosphere transmission for solar or lunar zenith angles greater than 8s°
is not correctly given in the SPDPM,

Air-water interface transmission for solar or lunar zenith angles greater than
35% is also not correctly given in the SPDPM,

The importance of these two fnaccuracies is undetermined, until we estimate
how often such conditions apply to the scenario. This will be done in future work.

4.5.2 Angular Effects

The same uncertainty effects apply here as for the signal angular effects.

4.5.3 Temporal Effects

At present all the background sources in the SPDPM are taken as steady state.
The bioluminescent background may have enough temporal structure to invalidate this
model, but no definitive results exist at present.*

Table 4-10 summarizes the uncertainty status of the noise portion of the
SPOPM,

*Again, a pui;e distorting filter is not treated in these sub-models. Should it
become the leading candidate for the optical filter, the temporal sub-model would
need modification.
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Table 4-10.

Status of Noise Portion Models of SPDPM

{ | | COMMENTS ON
| THIN CLOUD | THICK CLOUD |  EXPERIMENTAL WORK
! * ; REQUIRED
AVERAGE POWER ',
YRANSHISSION™ '
. !

Clear Atmosphere " Partatlly Not applicable ; Large zenith angle prob-

verified | lems. Impact TBD.
Cloud Unknown but Unknown " Signal experiment

Cloud to Water

small effect

Not applicable ' Ok

applicable. Large zenith

. angle effects TBD.

. None

Atr-wWater Interface ' Partially 0K Large zenith problems.
verified [mpact TBD.

Water Unknown " Unknown A signal experiment

would be applicable.

ANGULAR EFFECTS

Shape Partially Partially Should be done. °
verified verified

Out-of-Water oK Partially Should be done if other

Contribution verified related work is planned.

Air-water Interface ox ox None

[n-wWater Contribution Partially Partially Needed for depth and water
verified verified type.

Combination of Effects Partially Unknown Needed
verified

TEMPORAL EFFECTS

B8ioluminescence

Temporal character unknown as a
tion, submarine speed, season.
is needed.

function of depth, loca-
Some experimental work
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4.6 PARAMETER VALUE UNCERTAINTIES

In addition to those parameter value uncertainties discussed in Section 3.5
for the signal portion of the SPOPM, the noise portion parameters are uncertain
with regard to background levels.

The solar and lunar parazeters are not uncertain. The effective strength of
the blue skylight background (and its solar zenith angle dependence) is uncertain
and requires clarification. [t has a significant impact since for thick cloud
corditions the system may be skylight limited at high latitudes.

The starlight/zodiacal light parameters are not in qQuestion.

The strength of the bioluminescence is very uncertain, as is its distribution
in depth, season, time of night, location, and its response to stimulation such as
submarine motion, This is important since for the value of 10'3 watts/(mz-micron)
used in the SPOPM the system is bioluminescent limited for many water and cloud

conditions.

Table 4-11 surmarizes the uncertainty status of the “parameter” values for
the noise portion of the channe! characterization.
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Table 3-31.

Status of “Input Parameters" to the Noise Portion

of the SPDPM
! 1
i PARAMETER j STATUS COMMENTS ON EXPERIMENTAL WORK REQUIRED
! ;i
| Clear Atmosphere | 0K None
Cloud: § i
~COS§ %> 0K . None
0K | None
“o Partially i No direct experiment possible
known |
‘e Partially l Some work is planned during first cloud
known experiment. [Egquipment may be too tnac-
curate for good results.
T Partially [nterpretation of data required.
known
Cloud-to-water 0K None
Air Water OK, for low Some required for bad conditions.
Interface wind speeds
Water:
k, Partially Required .f not done by other contractors.
known
oi Partially Required if available data not able to be
known interpreted.
o1 Partially Required as a function of depth and water
known type.
S Partially May become available for suyrface water
known from ongoing work. Needed for water at
depth.
n 0K None
Backqround Levels:
Blue Skylight Partially Needed
known
Zioluminesence Unknown Needed
b, i,
4-96
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Section S

DOWNL INK COMMUN ICATION MODEL

This sectton discusses the mode! for the optical cammunication link from a
satellite to a submerged submarine. The section is organized as follows:

5.1 Downlink Communications Mode!-Philosophy and Flow Chart
5.1.1 Philosophy of Approach - Downlink Communication Model
5.1.2 Mode) Flow Chart - Downlink Communication Model

5.2 I!npuyt information

§.2.1 Enviroment
5.2.2 Requirements
5.2.3 System Destign

(V)
.
s

Sub-Models

§.3.1 Area Relattionshtps

5.3.2 Temporal Relationships

5.3.3 Message

5.3.4 Modulation/Demodulation

5.3.5 Scanning Relationships

5.3.6 Receiver and Source

5.3.7 Avatlability/System Effectiveness and Adaptive Scanning

5.4 Computer Program for the XM

5.4.1 [ntroduction
5.4.2 Names of Variadles
5.4.3 Listing

5.5 Model Uncerta‘nties

5.5.1 Areea Relationships
5.5.2 Temporal Relationships
95.5.3 Message
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5. (Continued)

5.5.4 Modulacion/Demodulation

5.5.5 Scaraing Relationships

5.5.6 Receiver and Source

§.5.7 Avatlability/System Effectiveness
5.5.8 Included SPOPM Sub Models

5.6 Parameter Yalue Uncertainttes

5.6.1 Enviromment
5.6.2 Requirements :
5.6.3 System Design .I

ey
D errrammrs
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5.1 Downlink Communications Model-Philosophy and Flow Chart

This section explains the basic approach used in the detailed models presented
in Section 5.3, and presents flow charts showing the interrelationships of the sub-
models and their required inputs. (These inputs are discussed in more detail in
Section 5.2.)

!
l D syusan
1
I

r
L S.1.1 Philosphy of Approach-Downlink Communications Model

This model is an intermediate step between the Single Pulse Downlink Propaga-
tion Model (SPOPM) and the Full OSCAR Communication System architecture, We have
therefore used the approach that:

1. The SPOPM is fully available for use:

2. This Downlink Communication Model (DCM) treats the prodblem of communicating
to a specific area by a single satellite within a single time interval. It
does not consider the entire OSCAR coverage area, a complete satellfite con-
stellation suitable for covering that area, the system effectiveness of any
part but the downlink communication link of the OSCAR system, etc. As such
it is a buflding block in the complete system architecture just
as the SPDPM is a building block within this Oownlink Communication
Model.

3. For a given interval of time, the full OSCAR system requirements must be
met. During this time interval, the satellite location, sun location, and
moon location are completely specified, In addition, the area which must
be communicated with {s described both geometrically and with regard to
its complete propagation environment:

4. The coverage area is resolved into equal-area resolution elements, each
with a uniform value of the environmental parameters and each small enough
so that signal and background zenith angle effects vary negligibly across
the element. Then each element is represented by a mean value of latitude
and longitude and the SPDPM {s evaluated at that point, with results which
apply throughout the resolution element,

S. A single system design is tested to see how well it meets OSCAR require-
ments. Besides all the normal transmitter and recefver hardware param-
eters, this system design considers:




D s\uaNA

P A U Nl L and
AR SO GowviaTh

5.1.1 (Continued)

a. The satellite location

b. The choice of demodulation technique(s)

_ c. The choice of post-detection processing for anti-jam of time-of-peak
H demodulation

d. The choice of scan technique.

6. This system design includes consideration of all the times involved,
including source warm-up time, dead-time between frames, slot widths,
and time to sliew to 3 new Spot.

7. The minimum spot dimensions are dependent on their overlap., the adjacent
spot revisit time, the satellite short and long term pointing jitter,
the scan technique and the total time allowed to cover the area.
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5.1.2 Mode! Flow Chart-Downlink Communication Model

O e (.o (oo m

bovd pund S N

A schematic of the overall Downlink Communication Model is shown in Figure 5-1.
The input parameters are designated as environment, requirements, and system design.
Using these inputs, area relationships and receiver parameters (chiefly the value
of §, the angle between receiver axis and the incoming beam) are developed. In
parallel, source parameters (like required prime power), message, and modulation/
demodulation equations are evaluated. The modulation/demodulation and area rela-
tionship results are used to determine the scanning parameters, and then all the
parameters are used as inputs to the availability analysis, Finally, temporal
relationships (1ike the source on-time) are evaluated from the source and avail-
ability results,

| Seamn |

IR 2 ARAMAE TERS

AstA ormcaL
ENVEONMENT 7 rmanonsees wceve
/,‘ T
/ ~.
I
~ 3
S 1
3 MOOULATION/ ICANNING i
_ OEMOCUATION SHLANONSHIPS AvArAsLITY

- ' >

s TEMPORAL
/ \\~\\. MESSAGE ,/’ RELATIUNSHIPS
/ ’// Ve
/ 4 1
LASE /
SYSTUM OFSION TRANSAMTTES

Figure 5-1, Schematic of Downlink Communication Model
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g §.1.2 (Continued)

Figure 5-2 1s a detailed flow chart showing all the calculations to be per-

formed in
(1

(1)

(111)

(1v)

(v1)

this model:

The input parameters are listed in the three ellipses on the left hand
side of the figure. including environment, requirements, and system
design. (The symbols are defined in the glossary in Section 2, and also
in the 1nput discussions in Section 5.2).

The only additional input is the nominal TopT ° 50 value, shown in the
ellipse near the center, and used in the partially adaptive scanning
analysis,

The calculation equations are represented by the rectangular boxes.
Within each box is the symbol for the parameter to be calculated and the
equation number (from Section 5.3) for the equation to be used to calcu-
late the parameter.

SPOPM within a rectangular box refers to the full single pulse downlink
propagation model.

The diamond shaped boxes represent branch points. Only one of the two
(or three) paths coming out of the diamond are fcllowed. depending on

the value of the parameters (or input choice). The branching parameters
include TPt Threshold or Time-of-Peak Demodulation, Anti-Jam Processing
for Time-of.Peak Demodulation, q, TTOT vis-a.vis TA' and scan technique.

Key outouts of the program include pTOT' total satellite prime power;
AVL' avaflability or system effectiveness; "SP' the number of spoofing
events per year; NJ (or N‘J). the number of jamming events per year; and
"PL' the number of pulses used by a given laser transmitter to achieve

the AVL.

- - i -
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Figure 5-2. Flow Diagram of Oownl{ink
Communication Mode!l
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1ink cosmunication model.

|
|
l 5.2 Input Information
1
L

5.2.1 Environment

L
. Py

Area

assigned responsibilfty for the time interval
Ty The boundaries should be specified in
Tatitude and longitude.
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This section discusses the form and units of the required inputs to the down-
These inputs are divided into three categories, as seen
in the computer flow charts: Environment, Requirements, and System Design.

Al]l the Single Pulse Downlink Propagation Mode! (SPOPM) environmental inputs
are required here since the SPOPM will be extensively utilized. These inputs

iﬂc]ude b. T. 3., <CO88>, . e' NO v'
¢ (Jo n, ki' D‘. 5510 S, es,z- Ls- OM/Z' Lll' LB'

"Z' and LBL‘
Other and new environmental parameters Jre:
m DESCRIPTION UNITS
Aog Area of a single resolution element (Het.er)z
Rsu Distance from sun to receiver Meters
15y Solar latitude Degrees
ey Solar longftude Degrees
Re Mean Earth Radius Meters
Romy Distance from moon to receiver Meters
Ty Lunar latitude Degrees
sm Lunar longttude Degrees
5.2.2 Requirements
P x ; A1l the Statement of Work requirements are entered here in their most elemental
‘ form:
ﬁ ; 3 svmeoL DESCRIPTION UNITS
§ [ TA Coverage Time Seconds
Coverage That area for which a given satellite is -
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5.2.2 (Continued)

SYMBOL

Mo

Ny

Nspi

N

9
0

DESCRIPT 10K

The message length, i{.e., the number of bits
which must be broadcast to the entire cover-

age area within TA‘

The number of missed messages per year,
(This is the quality of service requirement)

The number of spoofing events per year.
The number of jamming events per year.

The ratio of threat "“cost” to our system “cost.”

Submarine Depth

5.2.3 System Design

All the SPDPM system design inputs are required here since it will be
extensively utilized. These inputs include q, vy, 2ps Tpe 9 Bopps (KT), Fpy G,

and F.

(~e/nv), R

L.

Other and new system design parameters are:

SYMBOL

tSi

Y

PRF

DESCRIPTION

Slew time, scan time or dead time between illuy-

minated spots.

Source warm-up time, before it is ready for full

operation.

Source repetition frequency

Off-zenith in-water receiver pointing angle,
which may be different in each resolution

element,

Azimuth receiver pointing angle, relative to the

local Tongitude.

5-10

UNITS

Bits

(Vear)"

(Year)'l
(Year)"

Meters

UNITS

Seconds
Seconds

(Seconds)'].
or Hz

Degrees

Degrees -
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l 5.2.3 (Continued)
SYMBOL DESCRIPTION UNITS
l m Number of simultaneously active lasers aboard -
the satellite.
l € Energy per pulse of each active laser aboard Joules
the satellite.
! l-'L "Wallplug” laser efficiency -
P-HO Prime-power on the satellite required for all Watts
I non-laser functions,
4 RS Satellite altitude Meters
- g Satellite latitude Degrees
- 3¢ Satellite longitude Degrees
te Dead time between frames Seconds
I t Slot width Seconds
- i Number of bits per pulse -
i
&~ < Overlap factor between {lluminated spots -
QTS Satellite rms short term angular jitter Radians
%TDR Satellite rms long term angular drift Radians
Demodulation Choice of threshold exceedance or time-of- -
Approach
peak demodulation approach
Post Detection Chofce of post-detection processing - ;
?72532323:0' approach to provide anti-jamming capability :
Demodulation for time-of-peak demodulation approach. ; |
Scanning Choice of totally non-adaptive scan, one -
Approach
partially adaptive scan, or fully adaptive
scan technique. :
5~11/5-12 ‘
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5.3 Sub-Models

This section develops all the equations used in the calculation of the perfor-
mance of the communication downlink.

Section 5.3.1 considers the area relationship and develops the concept of
resolution elements.

Section 5.3.2 considers the temporal relationships and Section 5.3.3 considers
relationships derived from the message parameters,

Section 5.3.4 develops the modulation/demodulation relationships for pulse
position modulation, both threshold and time-of-peak demodulation, and derives
signal to noise and message structure requirements for quality of service, spoofing
and jamming.

Section 5.3.5 develops scanning relationships while Section 5.3.6 considers
new receiver and laser transmitter parameters.

Section 5.3.7 develops equations for system availability, for non-adaptive
and adaptive scanning,

5-13
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5.3.1 Area Relationships

Date: 12/1/78
Revision No. 0

The input to the downlink communication system model will include the location
of the satellite terminal and the location and extent of the area it ic responsible

for communicating with,
latitude and longitude,

“my
from

R

a

-'S
Sy

"My

[t is straightforward to derive the range by expressing the satellite location
and submarine location in cartesian coordinates with the origin at the center of
the earth,

Satellite altitude

Mean earth radius

Satellite latitude

Sun's latitude

Moon's latitude

Latitude of point within coverage area
Satellite longitude

Sun's longitude

Moon's longitude

Longitude of point within coverage area.
these fnput parameters we need to derive
Range from satellite to submarine

Signal zenith angle into the water
Solar zenith angle into the water

Lunar zenith angle i1nto the water,

R. L (XS - lE); + (YS - YE): . (ZS - ZE“

A1l the angular information will be input in terms of
We therefore define, as erxemplified in Figure 5-3:

(5-1)

paan
-
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DO SO
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D sYLWA\A Revision No. 0
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5.3.1 (Continued)

for
X * Rg cos 1y, cos a4 (5-1a) Xg = (Rg ¢ RS) €os g COS ¢, (S-Idﬂ
Ye * Rp cos 1y, sin :iM, (5-1b) Yo » (RE + RS) cos ag sin iq. (5-12);
! ZE . RE sin Ipqt (5-1¢) ZS . (RE + RS) sin 1g- (S-lf)}
T ~—
SATELLITE / / \

\
EARTH j
CENYER

el

/ /

Figure 5-3. Latitude and Range Satellite to
Earth Geometry

==
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5.3.1 (Continued)

The expression becomes, after substitution and manipulation,

1/2
R‘j- (REoRS)‘oRE‘-RE(REORS) )cos(xAi¢ms)(%os(skj-:s)-1)*cos(aAi-xs)(cos(:Aj-és)’?:

(5-2)

From Figure 5-4, the zenith angle into the water for the signal is given by

:S LA SN (5'3)
for R w {Rc ¢ R} R+ 2 Re Rocos -, (5-4)
Comparing (5-3) and (5-4; it is evident that 'l

. A RE + RS { '
'Sij * cos’ l; 5 lc°5(‘A1“s)[c°S(5AJ°’s)"] + cos(xAi-xs)[cos(fAj-rs)‘l].-R%]
(5-5)

By analogy, for the solar zenith angle (since RSU" RE)

N - 1 . i
’Su,‘ * ¢os " 5 ‘COS\lAi’nSU) cos(rAJ-rSU)-lJ* C°S(‘Ai°‘su) cos(rAi~rSu)‘1 "(5-6)
o -

and for the lunar zenith anqle (since Ry, - R)

\

108 ( 1y g} fCOS(ay i V=T ¢ €OS(ay =g ) [COS(3y rgy )ol
3 AJ\ M W 1”5y

‘e .t ]
Wij'cos }2"

(5-7)

These angular expressions must also be interpreted in terms of an area to be
covered. Ne assume the following propagation path inputs over the coverage area:




SATELLITE

Figure 5-4. Signal Zenith Entrance Angle Geometry

5.3.1 (Continyed)

1. There are four areas of importance in the 0SCAR scenario:

a. The total area in the OSCAR requirement which must be communicated
with during the time interval;

b. The area which a single satellite is assigned to cover during 8 single
time interval, [t s this area which is considered in this Downlink
Communication Mode! (DCM), and which we designate AI‘

¢. The single satellite/single time interval coverage ares Al {s divided
into envirommental resolution elements, of area A“. each of which has
a uniform value of all parameters related to the environment's effects
on both the signal and background propagation;

d. The area of a single 1lluminated spot, which will ordinarily be much
less than ARE‘ and which will be determined in later sections.

These four areas are {llustrated in Figure 5-5,

5-17
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Figure 5-5. [Illustration of Four Area Relations

§.3.1 (Continued)

Each resolution element fs much larger than the smallest possible {1-
luminated spot area, but small enough to allow for essential signal
level equality due to signal and/or background zenith angle alone with-

in the element, 1f the envirommental effects are uniform over the
entire coverage area;
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5.3.1 (Continued)

3. Each resolution element is bounded by constant latitude/constant tongi tude
lines. The four corners of resolution element are then given by (for the
first element in the coverage area, for example)

1%a, 19a; 194, 282,

27A, 1°A; 27A; 2.

4. The entire resolution element is characterized by its mean value of lat-
itude and longitude, and ft fs this value (”Ai'EAJ) which {s used in all
Single Pulse Propagation Mode) calculations. The mean values are defined
by

1) |
Wwer ,1‘A’1o1‘A’ (5-8)

1 . s
31 . 2' :j ;'A * j‘];‘A‘ (5-9)

f

In this way the number of calculations (required to characterize operation
over the full ares with possible adaptive scan coverage) are minimized.

5. Each resolution element within the coverage area contains the same area.

6. This area shall have the same width in longitude, independent of latftude.
[ts anqular dimension in latitude shall be varied to maintain equal areas.

The approximate area of a figure bounded by constant latitude and longitude is
given by

¢ n

5-19




@D sYLANA

S0 46 PRI, SYSTRANL SRS
APt AR SrevinOn

5.3.1 (Continued)

To insure that the resulting resolution elements will not assume distorted shapes
at either latitude extreme, we demand that it be approximately symmetric at the
mid-latitude value, or

3 2 0
Re (3p=1)) = Rg (3,¢,) cos "T‘) st Sy— = 85°,
2ata NP Y
or, s 18 cos (-—le at %—'— - 45°,
or a2 (5-11a)
v 2
2 0
Putting (5-11a) into (5-10) at —y— = 35" we find
"“:: : - .Aie.
R¢
or Lo —— (5-11b)
t

We have solved (5-11b) for Age = 3(10%)m*, 2(104)m", 1(10%)m" and 5(101m’
and listed the results in Table 5-1. Also shown in Table 5-1 are the values of the
corresponding latitude boundaries as the latitude is stepped off from 0° to 70°.
and the length of each side of the resolution element.

The spot sizes themselves are much smaller than these resolution elements. If

we maintain a circular spot independent of signal zenith angle, its diameter will
be gfven by

OSP = Ry (5-11c)




Table 5-1, Resolution Element Angular Coordinates
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Table 5-1. Resolution Element Angular Coordinates (Continued)
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Resolution Element Angular Coordinates (Continued)
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§.3.1 ({(Continued)

for 3, = full angle exp {-2) transmitter beam width (irradiance). Using, for
example, a square in circle for overlap from spot to spot, the square coverage
area has a side

Den = 0.707 DSP . (5-11d)

SQ
Then the total number of spots within a resolution element is given by

Aje
Nere * W)™ (5-1e)

Using DSP = 30 km, Table 5-2 shows the number of spots within each resolution
element area. '

Table 5-2. Number of [lluminated Spots Per Resolution Elements for
Square in Circle Overlap

Agg (m?) NgRrg (for Dgp = 30 km)
300t 667
2010'") 448

i 1(10') 223

' 5(10'0) 112

s
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5.3.2 Temporal Relationships

A basic system requirement is that the total coverage area be communicated to
within a time TA' the area coverage time., This is accomplished by a spot scan.
Therefore, if we define

"D = Time to communicate to each spot, or
= Message duration, and

t_. ® dead time between messages, or,

= time to scan to a new spot and develop the appropriate beam width, and

Nrorsp ° total number of spots within the coverage area, and finally,

tw = source turn-on/warm-up time, then the total on time for a single
source, during a given TA interval, is given by

i TON " NTOTSP "D * (NTOTSP '])tsi " t. M TTQT (5-12a)

[f the calculated TTOT > TA' and no adaptive techniques work to reduce it, then

T (5-12b)

[f the source has a pulse repetition rate given by PRF, then the total number of
pulses used to communicate to the area during a given TA is given by

Np * (Ton) (PRF). (5-13a)

Naturally there should be a check that

(Nrorse=?) sy * Mrorsp Mo 2 Tao (5-130)

or the system will not meet the requirement.
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5.3.3 Message

The fundamental message iength to be delivered over the time TA to the cover-
age area is defined as "Lo' with unfts "bits.” In some cases, the total number
of bits that must be cosmunicated to each spot exceeds "Lo because of the quality
of service, jamming, spoofing, or practical hardware considerations., We therefore
define

M M Mo (5-15)

L

for "L = total message length (bits), and "OV = overhead bits added to each
message.

One key requirement is the number of missed messages per year, defined as NM'
Evidently the total number of messages per year is given by

¢ Messages ¢ Seconds per year _  3.15576 (107)
ear A Ta o

Then {f NN is the number of missed messages per year, the probability of a missed
message is given by

[ NH T N

l_Pn * TR (5-16)

s
J
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§.3.4 Modulation/Demodulation

There are three system requirements which interact with/determine the
modulation/demodulation approach:

NH = ¢ of missed messages per year per boat;

NJ = ¢ of jammed messages per year per boat;

NSP = § of spoofed messages per year per boat,

This section considers these requirements in terms of the M'ary modulation format
and various demodulation approaches.

5.3.4.1 Modulation

The PPM (pulse position modulation) format is used here to minimize
required optical (average) power and to maximize the data transfer rate for a
given source pulse repetition rate.

The building blocks of the format are slots and frames, as shown in Figure 5-6.
Defining L, slot width, and
{ = ¢ of bits/pulse,
then 1f 21 resolvable slots are included in one frame, the location of a pulse in
any one of these slots will denote the i bits.
Therefore, frame width = (Zi) t, seconds.

If in addition we define t, = dead time between frames,
then a message containing a total of "L (bits) will have a message duration
"D (seconds) giver by

A () (3 )

-

or, My ® (ﬁt-s-) + (H«l:-- 1) tf-j (5-17)

The message length is deterwmined partially by the demodulation technigue,
since the format and the requirements (N, Nji and "SPi) determine the required
number of overhead bits to be added to "Lo' the fundamenta! message length.
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Figure 5-6. =3, HL-Q PPM Example

5.3.4.2 Demodulation

Given the fundamental message length, M, /, the requirements (Nygs Nj. "SP) and
the demodulation technique, the required signal to noise ratio per pulse and the
number of overhead bits are determined.

5.3.4.2.1 Threshold Detection

The first demodulation technique considered is threshold detection, i.e., the
pulse will be safd to occur at a given time (within a given slot) {f the received
power exceeds a preset level, as shown in Figure 5-7.

Errors occur when the noise exceeds this threshold or the signal ¢ noise falls
below this threshold.

We define PE = bit error probability:

and Pp = pyulse error probability;
Pp
so that PE ' (5-18)
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- 5.3.4.2.1 (Continued)

The probability of a pulse error is composed of the probability of a missing
- pulse, Pm . and the probability (PN) that at least one of the (2°-1) time slots

contain a noise spike, so that {
Pp . Pm + PN. . (5-19)
] . Since there are 2'-1 opportunities for a nofse spike, the allowable single pulse

probability of false alarm, pFA’ is

Py ® —— . (5-20)

(5-21)

which means (5-21)
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5.3.4.2.1 (Continued)

P P
g Py m e v (5-22)
ey (2°-D1)

+

from gaussian detection theory‘,

!¢
1 * -
pFA . 2—:5- exp - (27:‘-:-) (5 23)
! ((!'x‘:)) (5-24)
nd p_ = exp - | ~wy—— -
3 m m Ciyt
for { + Peak ;ignal current = (ne/h.) Pp,

ln = rm¢ noise current = (ne/h.) (NEPTOT).

and 1. = threshold current.

t
We can therefore rewrite these equations as

it e (TWR) o (7o (2.3 Py )02 (5-25)
Y: [}

and ‘. (5) . w;; (» 3 %t )i/: e|-2in (l:l_zé) ve (5-26)
L\ A 2tn

3

s Due to large dackground ievels, the Gaussian regime applies almost always in
the 0SCAR scenarto.
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5.3.4.2.1 (Continued)
i l for N" s ¢ of missed messages per year,
| TA = time to deliver each message to the coverage area,
I P" = probability of a missed message.
' [f we take the probadility of a missed pulse to be the same as the probadbility of
* a missed message, then
P NN T
P A
Pu TR (5-27)
4 T
and re-ysing Pea ® lp . - N" A — (5-28)
2(2°-1) 2(2°-1) 3.15576 (10°)
p T
p
and S TT:,B.'YE‘?TFT (5-29)
then the threshold-to-noise ratio becomes )
dON T, 1/2
TR = |-2 in ( - ) (5-30)
(2°-1) 3.15576(10 )
while the signal-to-noise ratio becomes
. 1/2 1/2
c v h 1 v3 T
%.n .2 TN __3_-‘"_-‘-_.' + -2 in 2{ NH A \ (5'3])
‘ [3.15576 (107) (2°-1) (3.15575(10’)/_'
These expressions yield the required single pulse (TNR) and S/N in terws of
the requirements, N, and TA. and a parameter of the modulation format, t.
.. In considering the jasming (NJ) and spoofing (NSP) requirements and their

5-31
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§.3.4.2.1 (Continued)

(1) Frame times, slot times, average PRf and scanning patterns are all unknown
to the Spoofer/Jasmer;

(2) "g" times as many spoof/jam pulses occur on the average in any given time
period as do signal pulses;

(3) Spoof/jam pulses are of amplitude equivalent to the signal pulses, and will
] cross the threshold;

(8) Submarine position is unknown to the spoofer/jammer;
(S) The scanning of the spoofer/jammer is random.

In effect, then, the submarine is fixed in space during the scanning time, and the
received spoof/jam pulses will occur random!y in time because of both random scan-
ning and random timing.

The number of signal pulses received in every perfod T, will be

* "
4 NS‘ = (5-32)

while the number of spoof/jam pulses will be

spYst - —L. (5-33)

Then the probability of a spoof/jam pulse occuring in any particular time slot
of width ts within the time 1’A s

(% -
n) '
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5.3.4.2.1 (Continued)

To spoof the receiver we will assume that one and only one pulse will occur in
each of the Hllz frames. Then the probability of one and only one pulse occurring
in a frame of 2' slots is

Fey i ouee GEE B

. L
2' p, (m‘)z -1

e

and the joint probability that "L/( frames are satisfied is
/i
1 O"L

For the message duration given by "D tn (5-17), the number of message durations per
year are given by

\ i
Pep * f 2" P, (1-91)2 ) (5-35)

sp |

3.15576 (107

s0 that the number of successful spoofing events per year s

?
Ngp © PSP 3.15576 (10 ) (5-36)

Using (5-17), (5-34) and (5-35),

2t -1 ' M/t

e } (G -] v o
t("L fits) * Y (":'L‘ ) l)t ) (5-37)

-
-
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5§.3.4.2.1 (Continued)

This expression 1s used to calculate NSP as a function of the requirements
(9. M. Tpo)s hardware parameters (t,, tp) and modulation format (t). The result ;
is to be compared with the inputted requirement for spoofing: {

Nepy = Nep- (5-38)

Jamming is defined here as either inserting one extra pulse in any signal
frame, or inserting at least one pulse in a frame immediately preceding or following
the signal frames.

The probability of at least one extra pulse in the HL/i frames s

{
"

bt
Piy= - [(} - P ] N (5-39)

while the probability that at leas? one pulse exists in either adjacent frame ts

21 2
PJZ . )] [(] - P‘) . (5-40)
The total jasming probability fs then

P a1l -(1-P 1 -p

J

Jl) ( JZ)

(2i.]) "-L_ . 2[‘1

<

« 1 -0 - P1] (5-41)

Since these are 3.15576 {10 messages received per year per boat, the number of :
A :

Jammed messages per boat §s given by

N, =P, 3.15576 107). (5-42) :
A
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5.3.4.2.1 (Continued)
Using (5-34) and (5-41),

r M .
| 3(2"-1) - v 2'*\“

- i'[NJ = Jl - [l -(g—:-‘l‘) (;5-)] 3.15576 (107) . (5-43)

This expression is used to calculate the number of jammed messages per boat
per year, NJ. as a function of the other requirements (g, "l.’ TA)' a hardware
parameter (t ) and a property of the modulation format (1). The result is to be
compared with the inputted requirements for jamming:

Nji < Nj. (S-44a)

Note that no additional bits were added to obtain suitable operation, and so for
threshold demodulation,

MM, (5-44b)

5.3.4.2.2 Time-of-Peak Detection

The second demodulation technique considered s time-of-peak detection, i.e., |
the pulse 1s determined to occur at that time within the frame at which the
maximum value of received energy occurs, as shown in Figure 5-8. This determination
fs made following a filter matched to the pulse width.

The probadbility of error is now taken as the probability of at least one noise
peak exceeding the signal peak and in an incorrect time slot. This is done using H
the bound on this probabflityz.

- [l/x" 2

P(x) « D 20 N exp -[ 2(-11'-‘):].
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Figure 5-8. Time-of-Peak Demodulation for PPM format

5.3.4.2.2 (Continued)

for y = number of slots in the frame = 2i

(£) ()

x = the event corresponding to one peak exceeding the signal level at a

given S/N.
ep ap 2.(29)
Therefore, P(x) Pp PE —
(2°-1)
2.1 V1sy
p - .
w5 e ewe oy (§)
and using (5-29; again,
My Ty A \ s)ﬁ
TS 0T * 2 F (s/w) "“"[?(ﬁ ] ' (5-46)

This equation cannot be inverted to yield the S/N required to satisfy a given N"TA
requirement for a given modulation format, i. Instead, for the given i and NuTas
valses of (S/N) are inserted until the equation is satisfied, and that value fis

- —— - . - © e e

2 Rt

- e e J
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5.3.4.2.2 (Continued)

taken as the required (S/N). S/N = 5 is the lowest value considered, and it is
incremented in steps of 0.1 until (5-46) is satisfied for the value of i selected.

The time-of-peak demoduylation technique provides an extreme problem for the
signal processor, since every frame will have a peak and therefore every group of 3
frames of appropriate length will have to be processed to search for a signal.

To relieve this problem and meet the Nm (# of missed messages per year per
boat) requirement, we consider the addition of w extra frames, each containing a
pulse in its own preselected slot. [f we then state that the receipt of a false
message (due to ambient noise sources) is equivalent to the loss of a true message,
we may proceed as follows:

If the signature pulse may be in any one of the 2" slots of a given frame,
and w signature pulses (in w frames) are used, then the probability that the total
signature will be duplicated is approximately given by

)
— W e, (5-47)
FS (ZL)' 2("

Since the first frame of a false signature may be any frame in a year, the
expected number of false signatures per year is the same as the number of missed
messages per year, or,

- 3.15576 (107) | . 3.15576 (10°)
Ny ® P | 212376 00) ) Pt (5-48)
, ' 2 ts ‘ t 2

Solving for w we find

p(wel) _ 3.16576 (107)
t L]
S 1

1

7 : 28.91 - 1.44 tn (tsN"): - 1.
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5.3.4.2.2 (Continued)

with the provision that the result of (5-49) is always rounded off to the next
highest integer if it is non-integer, since the # of additional signal frames
must be an integer.

This procedure results in a number of overhead bits per message,

Moy * %L, (5-50)

and a total message length

Mo M J (5-51)

In considering the jarming (Nj) and spoofing (NSP) requirements, the same
5 assumptions as in Section 5.3.4.2.1 are again made. In particular, “g“ times
as many spoof/jam pulses occur on the average in any given time perfod as do
signal pulses.

Consider spoofing:
The number of signal pulses received during area coverage time TA is

|
N, » —’; (5-52)

s

while the average number of threat pulses during the same time is

I M
spsi = —~ (5-53)

L

Then the probability that one threat pulse will occupy any particular slot (of
width ts) within the time TA is

N
t_\SPsi gt_M
* - - s = -
Py® 1 (1 T;) —ﬁyt. (5-54)
for b, << TA'
5-138
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5.3.4.2.2 (Continued)

To spoof a message using the w signature pulse approach requires that all
w pulse positions be duplicated. Therefore, the probadbility of spoofing is

tsM

g9 w
- w - -
Pep * (P)) (—TT;L) . (5-55)
Since the message duration is

H -
HLZ t M
. (LS L .
" ( i )’(i ‘) Lo (5-56)
for tf 2 {nterframe dead time,

?
and there are 3.15576 (10 opportunities for messages per year,

then the number of spoof events per year are

N =P 3.1576 (107)
sp " Tsp M

[ ’ 9 tS "L v
or, NSP = 3.15576 (107) —-iTA—'-

* Lo | . | (5-57)
T

Once w is determined by (5-49), (5-57) is evaluated to determine {f the
spoofing requirement is met, so that (5-57) is compared to the inputted spoofing
recuirement:

<N (5*58)

/

NSPi Sp

With regard to jamming, we assume inftfally that jamming occurs whenever a
threat puise falls within a signature frame {n any unoccupied slot, since then the
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5.3.4.2.2 (Continued)

signature will not be recognized. Since there are 2L < 1 unoccupied slots within
each signature frame, the probability of jamming is

L . t
Py = 1 -1 - P‘)'(z -1, w (2°-1) ET-;;!L. (5-59)

again for tg < TA'

1 ?
Since there are 3.15376 (10 messages sent per year, the number of jammed
A

messages is

w (2°-1) g tg M_
Xy ' (5-60)

Nj = 3.15576 (107)

Again, after evaluation the comparison is made

N, (5-61)

Nyi o Ny

However, many values of the parameters exist for which Nj < Nji' for all other
requirements easily met. We therefore consider an alternative post-detection
processing scheme, which will accept a frame with two peaks, one of which is in
the correct slot, as a valid signature frame. Then to jam the link, two threat
pulses would have to cccur in the signature frames.

Since the probability that a single threat pulse occurs within a given frame
fn an unoccupied slot is

i -
Pee 1 - (1 -p2 T 2hay by, (5-62a)

(for P] -« 1, trye for ts <e TA). Then the probability that two threat pulses
occur in a given frame is

Poe @ (p‘,)2 e [1-01 - p,)zl°‘]2 = (2812 9,2. (5-62b)
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5.3.4.2.2 (Continued)

Then the jamming probability is the probability that two pulses occur in any of
w frames, so that

U w - s L 2
. i 4.2 (9% ML 2
or, P J s N(Z -]) TT— N (5‘63)
" NT. = 315676 (107) M2s! ? (-T—g s ML>2 (5-64a)
s 3, - . -64a
J A [ § A
and the comparison equation fis
N 'j. N. (5’6“)

3 .

In running this proqram, then, the post-detection processing must be specified
before it can be determined if the jamming requirement is satisfied.

References for Section 5.3.4

1. RCA Electro-Optics Handbook, Section 8, RCA - 1968

2. J. M, VWNozencraft and 1. M. Jacobs, "Principles of Communication Engineering,”
John Wiley and Sons, 1965, p 629.
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5.3.9 Scanning Relationships

The area to be covered is illuminated by spots of relatively small diameter.
fach spot is illuminated for a length of time given by the message duration (HD) of
equation (S5-17), and then the transmitter is redirected to a new spot. If we define
this slewing time as tsg' then the total time devoted to each spot may be taken as,

TSP s m‘) * tSL' (5'65)
To determine the total time to scan the entire area of responsibility, we define

ASP = area of spot

ASC = area of useful coverage within the illuminated spot.

As a baseline we take the square in circle pattern defined in Figure 5-9a.

The effective area covered by the inside square is given by

A 292 up?

sC sp $q

where:

- [
Dsp spot diameter,

Dsq = gquare side,

. = overlap factor, defined by

Dgq ™ -Osp.

sp

2
4, 2
Asemin * = Ao 7 Dpupn (5-68)

and (422/~) fs the general efficiency factor of the scan pattern. For ¢ = 0.707,

this efficiency factor = (2/-) = 0.637, which fs the highest possible for any
square inside a ctircle.
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5.3.5 (Continued)

There is a finite probability that the motion of a submarine may allow it to
escape communication (connectivity fatlure) if fts initial position and velocity
value are unfavorably related %o the scan pattern, We will here estimate the
praobadility of these positions and velocity vectors occurring if the submarine is
randamly positioned relative to the scan pattern.

The baseline “square-in-a-circle” scan is assumed and the squares are offset in
succeeding lines. The worst case for timing is assumed: the adjacent spots are
visited with the maximum elapsed time. [t {s also assumed that the submarine
velocity magnitude is constant and that the velocity vector direction is constant
during the {ntermessage times.

The square 'n a circle pattern 15 as shown in figure 5-9.

e,

Figure 5-9, Square-in-Circle Overlap Scan Pattern

de will concentrate on area !I' which receives the message during the last
spot of revisit time with areas | and [! being first spots 1lluminated.

€ a submarine ts in area [I] during the first spot *ime, and moves out of
circle 3 during revisit time, it will escape communication.
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5.3.5 {(Continued)

Because of the symmetry of the problem, we will consider only one eighth of the
square as shown :n Figure 5-9d.

The square side is DSQ and the circle radius is 332. Thus DSQ . \4%:059

o f v?A is the distance the submarine moves during revisit time, there is an

area, A, with:'n whrich the submarine cannot escape communication. There s also an

area B within wh:ch the submarine will have bdeen conmunicated to during the first
frame,

Figure 5-9d. Escape Geametry

The area C ts an area within which the submarine may escape {f the velocity
dtrect for ‘s within bounds.

5-44
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5.3.9 (Continued)

It 1s difficult to write an analytical expression for area C but it can be
dpproximated by the followong approach:

Area A = ——%————'(Ds Z-VTA)Z

~ 2 2 =\
(n-g)z )’ (D? ’ Og'q) (D?) (‘ vg)
Area D = vd . ¥ R -7

Areaﬂ-(of)[-;— IS R }] . 0.0999(032)

d 2
2 2 Dep © N
Area A+Be+( = %--4 L} :—- s %.Q s }(D%P-)

The probability of conditional escape is:

i
. <A- - 1-vT ©
Peg * m.c, . %—5 - 1.-0.171 3 ( ( SA)

Note that the probability can never be less than zero, therefore:

A > 0,278 for conditional escape.

Therefore for the condition

there will be no connectivity fatlure,

OSO ~ 1.3 vTA
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5.3.5 (Continued)

However, this {s unnecessarily restrictive. Consider a particular case with
the following assumed valyes:

D
1. Spot size (minimum) OSQ 20 Km, %2 14.1 Km

2. Submarine velocity x time « 6 Km

Therefore vI = 0.424 which exceeds the 1imit above. This area is the
Dso 'j
darker shaded area in fFigure 5-9e.
Tnis area is estimated graphically as two small triangles with areas of 7
squares and 3 squares, respectively, where the total area {AeBeC) is 128 squares

: ]
| !
| A I

&
| |

s ’
o aand

Figure 5-%e. Escape Geometry

4 ¢
Wsnnd

The direction 0¢ possible escape from the larger trianqle is any angle less
than an estimated 35" from the radius line. Therefore, assuming uniform nrobability
of direction, the orobabilitv of escave direction fs

35° = 0.1944
180°

ol

From the smaller triangle the escape direction must be less than 20 from
radius vectors which leads to a probabtlity of 0.111.

Therefore the overal! probability 0f escape with these conditions fs:

p-ég x 0.1984 + 3 x 0.111 = 0.0106 x 0026 = 1.3%
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5.3.5 (Continued)

Note that if VTA < 4km, there is no escape. Thus, if the time is random, there
is only a 1/3 probability that vI {s greater than 4 for the particular velocity.

Therefore the probability of escape is less than
Pe £ 0.42

especially considering the narrower escape angles which have not been included in
the approximation and that other worst-case assumptions have been made,

It should also be noted that on a purely statistical basis one would estimate
that the probability of two consecutive connectivity failures would be
(.004)2 « 1.6 x 10'5. However,K by studying the geametry. one realizes that if the
direction is not abryptly changed. the submarine is in an unconditional area at the
start of the second - ~iod and will not escape communication.

Therefore, it is concluded that the probability of connectivity failure is
cons tdered negligibly small {f

[ﬁosp > 47T,

For the OSCAR requirements, th¢s conditton is nearly always met, so we shall
not consider this as a 1imit 1n the DCM analysis. (Section 4.3 of Volume 4
drscusses this point further.)

Returning now %0 our basic discussion of scanning, and the number of spots per
resolution element recal! ‘RE = areg of resolution element. Thus the number of
t1luminated spots within a resolution element ts given by

At

N . . -
SREMAX IscHIN (5-69)

1€ there are NTOT RE resolution elements within the area of responsibility of
the satellite, then the total number of spots (assuming equal beam diameters
throughout) is given by

%101 sp = (Mot re! (Msae! (5-70)
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5.3.5 (Continued)

and the total time required to cover the entire area of responsibility is

Tror * (Nqor sp) (Tsp) Y (5-7a)

1'TOT * ("TOT sp) ("D) ’("TOT sp'l) tst' (5-71b)

If TTOT > TA' then another terminal located on the satellite is required. We
shall discuss this further in Section 5.3.7 on Adaptive Scamning.

For an elliptica) spot, the area is given by
. - « )9 -
Asp T osp Osp(cos tg) (5-73)

for 3, " signal zenith angle

q = factor between 0 and 1 related to the satellite transmitter's
ability to correct for the zenith angle spreading.

From the properties of ellipses, any rectangle within an ellipse which touches
all sides has the area

. Q 2172
Arctysmin ° Ospmin Dpmpn(cos 2gqg)" ¢ (1 = =) (5-74)

which leads to the area efficiency coverage factor

i}Sli A1 - 2 (5-75)
sp

and the same condition on t,o. as (5-67) 1f the ellipses are overlapped as the
circles are in Figure 5-9, This efficiency factor is maximized for - = 0.707, just
as for the square in the circle approach, and again = 0.637.
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5.3.5 (Continued)

The number of spots per resolution element would now be

Are (5-76)
CTHy

Noreiy

and (5-70) and (5-71) are then useable for the new value of NSREU when summed
over 1j.

The final key parameter of the scan pattern is the allowable minimm size of
Dsp determined by satellite stability. This diameter is related to the satellite
range and beam divergence by

Dsp = Re; (5-77)

for the assumed small angles involved here,
“¢s In turn, must be greater than a minimum determined by

(1) The satellite's induced pointing jitter during a single message duration,
which we characterize by its rms value f1gs

(2) The satellite long term angular drift, so that a spot position adjacent
to a previously 11luminated spot is precisely located. This effect is
characterized by its rms value ‘tor*

Negligidble pointing induced signal loss is encountered {f

2y 12 (5-78)

)

. L2
man " 10 (pg” ¢ e

which implies

2

. 9m2)1/2 (5-79)

Ogomin * 10 Ryjmax (%¢s

This point will be further discussed in Section 5.3.7 on Adaptive Scanning.
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5.3.6 Receiver and Source

Some particular aspects of the laser transmitter and receiver must be modelled
in order to provide a full downiink communications model.

§.3.6.1 Receiver

We need to derive the in-water angle, :, between the optical axis of the
receiver and the signal beam, the sun, the moon, and the local vertical, respectively.

We first consider the signal beam. The input to the model is the latitude 4
(xs). Tongi tude (55) and altitude (Rs) of the satellite, and the latitude (QAi) and
longi tude (sAJ) of the receiver. From these, in Section 5.3.1 we derived the
range from satelli®e to receiver [R, equation (5-2)], and the signal zenith angle
into the water [:s. equation (5-5)]. Since ‘SRis the in-water angle between
receiver optical axis and signal principal direction, we must transform the input

information into the local coordinate system centered on the receiver and oriented
to local vertical. [t is also useful to align an axis with the local longitude. ‘{

We therefore perform the following coordinate transformations (cf Figure 5-10): ‘4
1. (‘1' Yy z]) is the earth centered system

2. (xz. Yo zz) is the system whose origin is at the receiver, but whose
three axes are parallel to the earth-centered axis,

3. (x4 ¥3, 23) fs a system resulting from the rotation of the (x5, ¥5. 2,)
system about the 2, axis by an angle sj.

4, (x‘. Yy z‘) ts a system resulting from the rotation of the (x,. Yq» 23)
system about the Yy axis by an angle (? - 11). resulting in z, along the
local vertical and Xg along the direction of constant longitude,

In the (x]. 7 21) system, x. and x, are given by the equation {mmediately
following equation (5-1) [equation (5-1a) through (5-1f)]. For the sateilite, then,
the transformation of its coordinates into the (xz. Yo zz) system s given by B

Xy * X = Xpi (5-80a) -y
Yo * Jg - Ygi {5-80b)

2, ¢ 2, - 2. (5-80¢)




1

t-

//
/C/L I i
/

Xye Yyo Z, - EARTH CENTERED SYSTEM
Xae Y2’ Z, - RECEIVER CENTERED PARALLEL SYSTEM

Z;
Z,
¥-a
22 2 .
Z4
4> f\
" \j' Yﬁ"{t
?/b/ 3
:
— Yq
By -a
X Xq b
2
X4

Figure 5-10. OSCAR Coordinate Transformation
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5.3.6.1 (Continued)

Rotation about the 2, axis by an angle SJ results in the transformation equation,

Xy ® xy COS 3, ¢ yj $in 83 L ) | (5-81a)
¥y * yp cos Sj - X sin SJ; (5-81b)
23 * 2,. (5-81c)

Finally, rotation about the x, axis by the angle (% - 1;) results in the trans-
formation equations

Xg * g sin 1y - 13 cos a3 5-82a)
Ya . YJ; (5-82b)
2y * 24 sin 1, ¢ yq cos ay. : (5-82c)

The signal zenith angle in the last coordinate system is given by

2,
(5-83a)
(gl + vl + 20077

which is equivalent to the result in equation (5-5).

The signal azimuth (relative to PJ because of the coordinate transformation)

is given by
-1 Ya -1 (ys-yt) cos 51 - (li.lt) sin ﬂj 1
,0“1 » tan -— 1 = tan Ty cos B+ [y.<y ) 3in 8 TS R AR !
B " oS E 37 e BRI i

!

L b

(5-83b)
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5.3.6.1 (Continued)

The in-water azimuth is the same expression, while the in-water zenith angle is
given by

::” - sin”) (:‘- sin °51j) . (5-84)

for n s sea-water index of refraction.

If the receiver pointing angle is characterized by

GELij = zenith pointing angle

Gazy4 = azimuth pointing angle (in the x,, y,, z, system), then the in-
water angle between the signal and receiver axis is

(5-85)

. -1 W w
JSRij & COS sin GEL‘IJ sin 'Sfj [COS (GAZU*SAU)] + COS GEL'IJ cos @sij

!
f

g

The salar and lunar off-recefver axis in-water pointing angles are derived in
a like manner, using equation (5-6) for fsu and equation (5-7) for o
Equations (5-1a through 5-1f) are the same form with

R ~ Rsu (sun range),

and Rs - Rmu (moon rarge).

However, since Rsu >> RE and Rmu > RE' the first (translation) transformation for
the sun and moon becomes

xy = xg, lor x ), (5-86a)

Yo * Yg, (0F yu.) (5-86b)

2, =z, lor 2.0, (5-86¢)
5-53
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5.3.6.1 (Continued)

Moreover,

Xsy * Rg, €OS 3 cOS 3¢, (5-87a)
Yeu * R su €08 ag, sin 3gu® (5-87b)
and z,, " Rsu sin agy" (5-87¢) ’
Then Xy * X3 and Xy * X4 proceed in the same manner as (5-81) and (5-82) with q
the results
" (%)
s * tan —_
SUA l4 ’
or
-1 Yoy €08 34 - X,
o = tan (5-88)
SuAij )(ﬁsu cos 3, *+y sin j) sina, - I, os a
Alsa,
Mo astnt [ Lgin s (5-89)
“sutj n *suiJ
and

1
. -1 ~ o \ R t
Seurig " €087 Jstn Ggy gy stn sl oo [cos (Gpgygutg aqyl] * cOs Ggyyy oS ag ¢ -(J

In 1ike manner,

s a2 .
LI Rmu cos L cos St

o " Rm cos ' sin LI

AL AL s

(5-90)

(5-91a)

(5-91b)

(5-91¢)




fod e oud GEN N @

AN TR VYVIAN QRO
ARETEAN v v

5.3.6.1 (Continued)

and
. . tan'l { ymg_cos sj " Xy sin 8j
muAi j (xmu cos Bj * Yo SO Bj) sin ay - Zmu cos a,
(5-92)
and :
w -1
‘i sin (F sin em”) . (5-93)
so that

SmuRij = cos" {sin G

w w
ELig 51 St g [cos (GAZij°°muA1j)] * Cos Gg 4 cos 'muij'}

(5-94)

Note that the parameters Rsu and Rmlu do not appear in the final result since
they cancel out of (5-88) and (5-92) respectively.

For the diffuse sources, it is evident that

(5-95)

‘Rij " *zriy " GeLij

L ]
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5.3.6.2 Laser Transmitter(s)

The transmitter i{s described by a much simpler model. We define

2

3 = full angle e™® irradiance beam divergence;

Ep = energy per pulse at the laser transmitter;

PRF = pulse repetition frequency of the laser transmitter.

Then

Pav ™ (Ep) (PRF}, (5-96a)

for PAV = average power of the laser transmitter. !

Since there may be more than one Yaser on a given satellite, we define

m = number of lasers (or terminals) per satellite, so that

mPAv = total optical power capability of the satellite,

and Epror * MEP'I (5-96b)

I[f we then define

FL = efficiency of the laser ("wall plug"), then

'[ ™y (5-96¢) |
P F = mP,, . P ~ = v -96¢
Lt AV 7L - - ;
L i
‘ﬂ
for PL‘ = total prime power required on the satellite to sustain the lasers aboard. ;

[n general, additional prime power will be required for other subsystems on
the satellite, so we define
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5.3.6.2 (Continued)

Péo s prime power on the satellite required for all non-laser functions,
and

pot oeend ou N

Pror = PL * Puor (5-97)

for PfOT = total prime power capability required on the satellite.

H

[ T

*

5-57




R e, BYYIONN
assrrem o edepm

5.3.7 Availability/System Effectiveness and Adaptive Scanning

The final requirement to be covered is the availability or system effectiveness.
This is a calculated value, depending on the system and propagation path inputs,
and is compared to the requirement at the end of the entire calculation.

Avatlability of the communications downlink depends on both time and area, i.e.,
a part of the required area will be uynavailable if the SNR is too low to communicate
to it, or, if the system takes all the alloted time (TA) communicating to the rest
of the area.

This approach to availability suggests that if more than one active laser exists
on each satellite, and if its characteristics could be modified to atd on other
resolution elements, that availability might be thereby increased,

There are numerous possible variations of adaptive scanning, and we shall treat
only three extremes here:

1. The tatally non-adaptive system, which uses a single transmit beam
divergence and enerqgy per pulse over the entire area of responsibility;

r9

A system which does not compensate for the environmental condition; but does
compensate for renith angle effects by varying its transmit beam width;

3. A system which compensates for all conditions,

5.3.7.1 Non-Adaptive Scanning

[f the satellite has no information about the area it must communicate to, it
will be assumed %0 meet the temporal aspects of availability first, and let the
successful communications to a given spot be moot.

The first determinant of any scan pattern is the minimum angular spot size.
We have previously developed the criterion for its selection:

The long anc short term anqular jitter of the spacecraft, as expressed
fn (€-.78) and (5-79),

de will investigate this constraint, and determine the minimym value of
e possitle, and denote ft as 471
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5.3.7.1 (Continued) ‘

Now N will apply over the entire coverage area (for this totally non-adaptive
scan). Then, within a given resolution element, all spots will have the useful area
given by

ey ey oug NN WD

2 .2 i 2,172
AﬂCTfj"IN . R‘.’ “n (cos }S‘j) g (V=) . (5-98)

which 1s (5-74) with Dsp = RiJ%Tl and q = 1,

The number of spots within the resolution element is given by

Are
N o v (5-99)
SRES JMAX * Ko
and the total number of spots within the coverage area is given by g
“rotsemax ° [ Noag 1 jmax- (5-100) ?

Then, using (5-71b), the time {t takes to cover the entire area with a single
terminal i{s given by i

r

i Tromax © (Mrorspmax) Mo) ¢ (Nrorspmax-!) tec- (5-101)

-
-

[f TTO’HAX N TA' the only recourse left to the totally non-adaptive scan is to
efther increase “ry Or to 1dd more terminals which simultaneously use the old I

Combining (5-98), (5-99), (5-100) and (5-101) we see that
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5.3.7.1 (Continued)

and from the SPOPM,

s 3
W)u e Ef
("n

Therefore, increasing *n will decrease YTOT and a») i equally, unless Ep is
proportionately increased. So, adding a second terminal of equal energy onto the
same spot means ”‘Tl may be increased by 2 for the same PST) Th while TTOT~ s
reduced by a factor of 2. Alternatively, adding a second terminal which operates
independently will also maintain %) i and, by partitioning the resolution elements
S0 that each terminal is responsible for half the total area, will result in the
TTOT for a given terminal being reduced by a factor of 2 from its previous value.

Evidently, then, the effect of adding a second terminal {s independent of its
actual mode of operation. We therefore assume that the temporal availability
requirement is satisfied by the increase of

..‘T, - .‘TZ so that

TTOT . TA. in {S-101)
The calculation procedure is to calculate (5-98) - (5-101), and {f

-

Tro1 ~ TA' define

| 1 1/2 l
A e TOTMAX
k T2 T —TA__ . (5-102)
i
Using “pp e now develop
P )
| FOM . = S (5-103)
a oW 1j/Fi') REQ
L /
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5.3.7.1 (Continued)

for %)REQ = (MARG) x ,ST) (5-108a)

and %)i" (5-104) is derived from the quality of service requirements for a given
demodulation approach in Section 5.3.4.

MARG = system margin used to compensate for unmodelled noise sources, and

P
S) R
=) .= ﬁtr—aL—-, for the 1j resolution element from the SPOPM, (5-104b)
N TOTHj |

The availadbility is then simply given by the ratio of the areas for which |

- FOHij > 1 to the total area responsibility, or,

. (a1) 1§ such that FoM, , - 1)
AVL = (5-105)

y ARei g

Il 13 AREU
|

For diagnostic purposes, it is also useful to print out the minimum value of

- the FOMy oo Tror 'f Tror * Tar "1y and “qp-

- 5.3.7.2 One Partially Adaptive-Scanning Approach

We now consider a8 system which knows all the zenith angle aspects of its
coverage area, but none of the environmental conditions. We assume that

(1) It controls the transmit beam divergence to compensate for the known
zenith angle effects:

(2) Therefore it always uses circular spots;

(3) It compensates for zenith angle effects as if thick clouds were present,
not clear weather, to assure maximum availabtlity 1f thick clouds are
indeed present.
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5.3.7.2 (Continued)

The first determinant again is the minimum angular spot size, as discussed in
Section 5.3.7.1. Use is also made of the Fon” defined in (5-103),

Given 9n. the minimum angular dimension, l»‘OM‘J ts evaluated for all the
resolution elements for a nominal value of TopT * S0 throughout the coverage area,
The smallest value of ron‘ will normally occur at the largest zenith angle, and
we denote it by ronss. The transmit beam widths of each and every other ron,j are
increased unttl

ron‘ = FOM

j ss "’

[n general the smallest values of s will correspond to the largest increase in
the transmit beam divergence. Since ron‘j 1 -(——-]-—?, the increase in each transmit
beam divergence is given by TiJ

l,i
Fmi (fn e A ) ]/2

- T 'n
| “1i3 " 'n ""‘L‘Fﬁﬂ”""" ' (5-106)
I

$S

Now = will apply within a given resolution element, and will result in a useful

THj
coverage area

2 2 |

2 A n -
Ascis = < Ry Mg | (5-107)

where we have used Dsp . RU eTiJ' The number of spots within this resolution
element 1s given by

[j . e . (5-108)
| TSREYS LYy .

and the total number of spots within the coverage area {s

Motsp * 15 Vsrety -
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5.3.7.2 (Continued)

The time it takes to cover the entire area with a single terminal is

Tror * (NTOTsp) (M) + “‘TOTsp’” L (5-110)

If TTOT > TA' we may again consider either increasing en or adding a second
terminal. As for the totally non-adaptive scan, the net effect of adding a second
terminal is independent of whether it is used to illuminate the same spot as the
first terminal (allowing GTI to increase by v2), or separately illuminates spots of
diameter 97.

We therefore assume that the temporal availability is satisfied by an increase
of 91’1 - "rz so that TTOT . TA in 5-110. The calculational procedure is to
calculate (5-107) - (5-110) and {f TTOT > TA' define

vz |

T
irg ® O (rTgT) . (5-111)
|

J

since inspection of (5-107) - (5-110) shows that

]
T 1 .
TOT (en)z

Given QTZ' then, new values of eth are derived from

a [ ] a .;T l
fra1y * Py (;f‘) (5-112)

J

!n order to calculate the actual downlink availability, the qu are calculated for
'T21j and the actual environmental conditions present in each resolution element.
The availability is then simply given by the ratio of the areas for which

FOM{; > 1 to the total area responsibility, or
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5.3.7.2 (Continued)

’ T

! i AREiJ

: (al1 1§ for which FOM,, > 1)

P ALt - w’c u-_ . (5-112)
Y ARe1 g

For diagnostic purposes it is also useful to print out the value of 1’70T if
TTOT < TA. 110 972 and the maximum value of QTZU’

5.3.7.3 Availability for Fully Adaptive Scanning

In general, the resolution elements will present wildly varying values of

FSI)U because of the differing environmental and angular properties present. [t
therefore makes sense to design a system which utilizes the excess signal in one
area to compensate for a signal deficit in another area, if all conditions are
known in advance to the satellite.

This adaptation of the scan parameters might be performed by

(1) Reducing the slot width, t., in clear weather areas. This would reduce
the message duration, and allow more time for communicating to covered
areas. However, it requires a source that could operate efficiently in
widely differing modes, and a receiver with a foreknowledge of the slot
width betng used. For these reasons we discard this possibility.

(2) 1Increasing the spot diameter to the limit imposed by the %)REQ . }ST)”.

Thus the ARE would be covered in less time, allowing extra time to
cover the "bad"” areas.

(3) Using multiple terminals to i1luminate the same spot, so that the
SST)U {s increased.

(4) Reducing the spot diameter in "bad” areas, to increase the %)”. This
is inadvisable since the minimum spot diameter s constrained by

{A) Long and short term satellite jitter;
(3) Submartne motion (equation 5-67)
(C) Enlargement in passing through the cloud.
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5.3.7.3 (Continued)

Therefore we cannot arbitrarily reduce the Dsp to aid in bad weather
comunications*.

(5) Reducing submarine depth (smaller (D). This should only be considered
after all other expedients fail, since it does relieve a significant
requirement.

In analyzing the adaptive scan, then, we assume

(1) The ,ST) i will always be adjusted to be equal to %) REQ by enlarging
the spot diameter, and by adding additional terminals onto the same
spot, as required.

(2) Only circular spots are considered, since the optical complexity is like
that required for spot variation among resolutions elements.

We then begin, as before, by defining a2 minimum beam divergence 110 based on
the satellite jitter or submarine motion constraints. Given this 8y @ FWU s
derived for each resolution element, via

rm” . FO"U (2p = 84y)- (5-114)

We again note that for FMU (a.r . en) > 1 for a single terminal, then {f
m terminals of equal energy per pulse are available on the satellite, the system
performance cannot tell whether they are combined onto a single spot (enlarging sT)
or separately used to illuminate spots of “ny size. For resolution elements with
qu (4T . en) < 1 for a single terminal input of Ep. the optimum approach* f{s
to use all available terminals to increase qu until {t s > 1, and then increase
the “”J until Fw” = ],

+However, it might be possible to use in-cloud spreading to reduce the required spot
overlap.

*Or else, during some portion of ‘l’A the total prime power capability of the satellite
would be under-utilized while some areas were coverable but uncovered.
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§.3.7.3 (Continued)

This implies that the very fact that there are m terminals is irrelevant to
the availability analysis for this optimum adaptive scanning. Instead, FOML1 should
be evaluated as if all the available energy per pulse were present in a single beam.

When this is done, and FOHij evalyated in (5-114), for FOHU <1 the

resolytion elements will not be covered. Hence the fundamentally unavailable

area is
fj ARe1 3
(for all Fo"ij (AT-GT]) < 1)
Apmay * . A
14 Eij

On the other hand, for FOH1j > 1, excess energy is being delivered, and the

source being suboptimally utilized. We correct this by deriving

SR RVZ. ]
[Fo"u (g "n)]
T

I

!
)

! i3 " 'y
t

((since this means F'OM’J (aT . “Tij) = 1)), for all FOH‘j (4T . “Tl) > 1

We again use the effective coverage ares of

L2922
Ascij © R ®

SO that the number of spots per resolution element is

oe

SRE§§ ° r——scij ’

N

(5-115)

(5-116)

(5-117)

(5-118)
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5.3.7.3 {(Continued)

and the total number of spots is

-

-

N
0 SRE{ §

= (for all {j such that ' (5-119)
Nrorse FOM,, (a7 = 87y) > |

Then the total time required to cover the entire coverable area is

Tror * Mrorse Mo ¢ (Mrorsp=!) tg; - (5-120)

However, now if it happens that TTOT N TA. there is no recourse short of
adding additional energy capability to the satellite, since there is no excess
energy arriving at any submarine receiver. Indeed TTOT > TA means that part of the
area able to be covered from the SNR point of view is temporally unavailable.

To determine the availability, then, the time to scan each resolution element
must be calculated. Moreover, since availability is a measure of area coverage,
it makes sense to cover the resolution elements with the largest values of
FO!'I‘J (%T = 971) first, since they are ysing the largest spot diameter, 6T1j'

We define the time to cover a given resolution element by

Tig " Nopeig (Mo * %, )0 1 (5-121)

and calculate

< T..=T
;3 137 Tearr

(for FCHU (QT . :'T]) 2 1 " (5-122)

i in order of largest to smallest)

T

T, (5-122a)

PART
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5.3.7.3 {Continued)

The resolution element for whicn TPART changes from ‘TA to \TA is denoted by
the subscript 0, t, and the fraction of its area covered is given by the fraction

TA - TPART (yj s °|t '])o

TO.t

Then the availability is given by

9,t-1
T . .
- i RS Ty - Thper U3 s 0|
5 ARei To.t (5-123)

[t is also useful to print out AUNVL (from 5-115), TTOT (if TTOT . TA)' N
and the maximum valuye of "Tij' and the minimum and maximum values of NSREij'

Note if TTOT < TA' i

AVL =] . AUNAV' (5-124)
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5.4 COMPUTER PROGRAM FOR THE DCM

5.4.1 Introduction

The downlink communication program is arranged as shown in Figure 5-11.
There are eleven subroutines used in the program. These include the eight shown
in the Figure. a general sorting subroutine (SORT); the single pulse model which
has been incorporated into a subroutine (DSPOPM) called by FADAPT, PADAPT, and
NADAPT; and a look-up table and interpolation subroutine (DSTRD2) called by
DSPDOPM,

There are four data files read into the program. The file SPPM contains
that input data which is only used by the sinale pulse subroutine. The file
ENVDATA contains the data from the environmental data bases, as well as the
inpyt data on the solar and lunar positions. Files DATAB and DATAC contain the
input data concerning the satellite, laser, and signal processing and scanning
requirements.

DMAIN is the mainline program used to read in the input data from the data
files and to call the other subroutines, Subroutine DNCOMM is used to calculate
all zenith angles, azimuthal angles, and receiver axis offset angles needed for
the OCM. The range calculations from the satellite to the environmental resolution
elements are also handled in this subroutine. The next subroutine called, SGPROC,
is the subroutine that handles all signal-to-noise, jamming, spoofing, and message
length computations for the downlink model. Subroutine POWER {s used to perform
the necessary energy and power calculatfons for the satellite and laser.

After these subroutines have been called and the necessary computation
completed, a branch follows to one of three cases: fully adaptive scanning
(FADAPT), partially adaotive scanning (PADAPT), or a non-adaptive scan (NADAPT).
In these subroutines, the single pulse mode! subroutine (DSPDPM) {is called upon
to make signal-to-noise calculations for each environmental resolution element
in the coverage area of that particular satellite. From these results, and
temporal availability considerations, these subroutines perform the beam
divergence, number of spots, and availability calculations that correspond to
that particular mode of scanning.

The final subroutine called, ARYRIT, does all the printing and labeling
of the output data.
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5.4.2 Names of Variables

This section lists the Fortran terminology and definition of all variables

|
I sy
l
l

used in the DCM which were not previously used and listed for the SPDPM,
| A
r ACARE = Total area with signal-to-noise ratio greater than required
- signal-to-noise ratio
3 APAE = GAZ = Azimuthal pointing angle of receiver
ARE = ARE = Area of resolution elements
ASC = ASC = Area of square in spot
u AUNAY » AUNAV . Fraction of the area that cannot be covered
AVl = AVL . Fraction of the area that can be covered 1
AZMUA = 'muA . Azimuthal lunar angles
E AZSGA = oSA . Azimuthal signal angle
i AZSUA = OSUA . Azimuthal solar angles
AZMIN = ?Spntn ] Minimum azimuthal angle from satellite
8
BITSP = " Number 0¢ message bits per laser pulse
BMDIY » 0" Beam divergence
o
COFQV = " Half-angle of receiver field of view
]
- DEADT = t, - Jead time between frames
;‘ OEADTS = t. o = Jead time between spots

DIVAD = 1’DR . Beam Divergence required due to satellfite angular drift
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§.4.2 {Clontinued)

DIMMIN = 3. ®
DIVPY = 3,

DIVSAT »

EFF F =
EFF = L

ET07 = EYOT -

FOM = FOM «

G
GAINSP » g »

LATS A
- 1

b

LATSR
LATSU .
LATSUR sy
LATWS
LATMUR 0 TV

J\

NGS

-
L ] -

LNGSR 5

LNGSU
LNGSUR su

Minimum beam divergence required due to satellite restrictions.

Minimum beam divergence required due to satellige pointing
Jitter

Minimum beam divergence required due to satellite restrictions

“Wall plug™ effictency of the laser

Total enerqy transmitted from all lasers per pulse

Figure of merit, ratio of S/N in resolution element to I/N
required for guality of service reguirement

“Gain™ of spoof pulses relative t0 reqular pulses

Latitude of the satellite, sun, and moon in degrees
and radians

Longitude of the satellite, sur and moon in degrees

and radians




5.4.2 (Continued)

LATMR( 1)
LATMRR( ]

LNGMR(J)
LNGMRR (J

)

\
!

L ] a‘

MARG = MARG =

MAXR = R

|

JN!

MBITS = "LO .

MESOUR = M. =

0

MLBITS s M o

MAXZA =

L |

NCOL -

NROW =

NJAM = N

J

L

NLASER = m =

NMISM . (Nm') .

NPULSE =

NRE = Negepe *
NSPOOF = N__ =

NSPOT(1,J) = N

NTSPQT =

SRE

Nro15p °

i

Mean latitude and longitude of the envirommental resolution
elements in degrees and radians

System margin used to compensate for unmodelled noise source

Maximum range ‘rom satellite to any resolution element

Number of message bits
Total message duration
Total message length tn bits

Maximum zenith angle from satellite to any resolution element

Number of resolution elements along & line of constant
latitude around the earth

Number of resolution elements in the northern hemisphere
along a line of constant longitude

Number of jammed pulses in threshold detection

Number of lasers used on the satellite

Number of missed messages per year

Number of pulses used t0 communicate to the coverage area
Number of resolution elaments in the coverage area

Number of spoofing events per year

. of spots needed to cover the 1, j resolution element

spots needed to cover the entire coverage area
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5.4.2 (Continued)

NUMEF s =

NJTOP2 =

0
QVLAP = _ =

QVHBTS '"vlo'

b4

PRQOP

L]
Q
[ ]

PAVG av

Pl = « »

PLRE

PMISSM = P =
PNOLAS » P' . ®
OQF =« ORF e

PTOT = D;O, .

’

RITOP} «

RITOP2 »

Number of extra frames needed in message to reduce duplica-
tion probability to acceptable level

Number of jammed pulses using TOP processing

Spot overlap factor

Number of overhead bits

Number of resolution elements in northern hemisphere
Average power output from laser
3.1416

Fraction of last resolution element that can be covered in
the fully adaptive scan

Probability of missing a transmitted message
Prime power (sateliite) required for non-laser functions
Pulse repetition freguency of the laser

Prime power on satellite required

Radius of the earth

Jistance ‘rom earth to the moon

Distance from earth to the sun

An option to print (1.) or withold printing (0.) of the out-
out data from DNCOMM

An option to print (1.) or withold printing (0.) of the out-
put data from DSPDPM
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5.4.2 (Continued)

ANTYPE =

S

SATSD » OsPpin ©

SOMIN =
SFOM =

SN » S/N =

SNREQ * (S/N)peq ®
STIMRE =

UM -

SPQPT =

T

THW =

TIMAVL = T, =
TIMEON = 7 =
TIMRE(1,J) = Ty, =
TSLOT = .t

TTOTAL = rtot .

TPART = TPART .

TSGNR = TNR =

s o

A decision variable. [f it equals 1 a non-adaptive scan is
employed, 2 is a partially adaptive scan, 3 is a fully
adaptive scan

Minimum spot diameter due to scanning restrictions
Minimum spot diameter

The sorted array of FOM values

The signal to noise ratio

Signal to noise ratio required by quality of service require-
ment

The sorted array of TIMRE values

X0

i 79

A decision variable used toc tell whether threshold detection
or time-of-peak detection s to be used

Thickness of first water layer

Time available to deliver message to coverage area
Amount of time that laser is turned on

Time necessary to cover 3 given resolution element
Slot width

Total time required to cover area of responsibility

The :TU
greater than TA

in order of largest to smallest FOH1j until {t is

Threshold signal to noise ratio
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5.4.2 (Continued)

" T

WARMUP = t, " Time necessary for the laser to warmup 4
X

*XE = XE . X coordinate of the submarine

XS = XS . X coordinate of the satellite

oMy - XHU = X coordinate of the moon

*XSU = ‘SU . X coordinate of the sun

*In the earth centered System

Y

*YE = YE . Y coordinate of the submarine
*YS = YS . Y coordinate of the satellite
*YMU = YHU . Y coordinate of the moon

*YSy » YSU . Y coordinate of the sun

*in the earth centered system

14

*lE = ZE . { coordinate of the submarine

*IS = ZS . 1 coordinate of the satellite

*ISy = ZSU . I coordinate of the sun

MUt Tt I coordinate of the moon

IPAR = GgL * lenith pointing angle of the receiver

*in the earth centered system
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5.4.3 DMC Listing

listed is

£ 1

OMAIN
ONCOMM
SGPROC
POMER
FADAPT
PADAPT
NAVAPT
ARYRIT
DSPOPM
SORT
OSTRD2

This section lists the complete DCM program.

R T Ty

The order of the subroutines
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5.5 MODEL UNCERTAINTIES

The sub-models developed in Section 5.3 have very few uncertainties, and
should require little future revision.

5.5.1 Area Relationships

The only uncertainty here involves the size and shape of environmental
resolution elements (ERE's). The ERE concept itself fs too useful to be
neglected, but future cloud and water data base work may reveal that ERE's of
a different size or shape are more appropriate in the OSCAR applications.

5.5.2 Temporal Relationships

There are no uncertainties in the models for the temporal relationships in
Section 5.3.2.

5.5.1 Message

There are no uncertainties in the models for the message in Section 5.3.3.

5.5.4 Modula®ion/Demodulation

The only uncertainties in the models developed in Section 5.3.4 concern
their completeness. There may be other demodulatton and message processing
approaches which will change the required Signal-to-Nofse ratio and/or Message
Lengths (Overhead bits) from the present formulation. GTE-Sylvania will continue
to search for these improved demodulation techniques in related work.

A second-order uncertainty concerns our model for jamming/spoofing, and the
five assumptions made there-in., [f those assumptions were altered by the NAVY,
the related sub-models would also require modification.

5.5.5 Scanning Relationships

There is no uncertainty in the model developed in Section 5.1.5. However,
as the hardware design progresses, the formulation of the satellfite pointing
accuracy may be changed to better reflect the attitude stadbilization and pointing
technique actually employed. This will probably be a minor analytic change,

5.5.6 Receiver and Source

There are no uncertainties in the models developed in Sectfon 5.3.6.
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5.5.7 Availabtlity/System £ffectiveness and Adaptive Scanning

The sub-models for adaptive scanning may be modified as more is learmed about:

l. The precision of the information obtainable from remote scanning;
2. The practicality of the angular expansion/elliptical correction optics.

it may hapoen that only relatively crude information is available concerning
the clouds in the coverage area, and that a continuously variable besm size is
not praccical, so that some straightforward model modification should occur.

5.5.8 Included SPOPM Sub-Models

The propagation related SPDPM sub-models were discussed in Sections 3.4
and 4.5. The SPDPM system design sub-models are well understood. The only one
requring possible modification is the pulse-shape/detection bandwidth, {f the
atomic resonance optical filter becomes the leading candidate, since this filter
adds an additional pulse stretching/distortion to that caused by the propagation
path/field-of-view effects,

Table 5-3 summarizes the status of the OCM sub-models.

5-128

[CT—



e s o ot sl i

S tanags 00 9'RaD e
AR SAN SevIn

5.5.8 (Continued)

TABLE S5-3. STATUS OF SUB-MODELS OF THE DCM
{SPOPM models are discussed in Sections 3.4 and 4.5)

[

SUB-MODEL i STATUS

COMMENT

Area Relationship ~0.X. in principle

- M._T‘__._.".-_—-

Size and shape of environmental
resolution elements may be mod-
ified in futyre.

Temporal Relationships 0.K.

Message 0.X.

Modulation/Demodulation  0.K. as written

further work on better schemes
continues, and may modify these
models. Changing the “threat”
assumptions would change the
spoofing/jamming models.

Scanning Relationships : 0.K. as written

Satellite design work may
redefine the pointing accuracy
sub-model.

Receiver and Source " 0.X.

Availability/Adaptive  0.K. as written
Scanning '

Probably will be modified as the
remote sensing precision and
practical optical designs are
better understood.

SPOPM - Environmental Partially Verified

See discussion in Sections 3.4
angd 4.5

SPOPM - System Design 0.X. as written

Wil require modification {f
atomic resonance filter becomes
the leading candidate.
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5.6 “PARAMETER VALUE"™ UNCERTAINTIES

The parameter value uncertainties for the DCM are of quite a different type
than those for the SPOPM. Here the uncertainties primarily relate to those hard-
ware parameters which are actually achievable.

§.6.1 Environment

Those environmental inputs unique to the DCM include:

ARE . area of a single environmental resolution element. This is uncertain
and will remain so until sufficient cloud and water data base develop-
ment occurs to uniquely define it.

RSU . distance from sun to receiver. This is well known to the required
accuracy.

- solar latitude is also well known to the required accuracy.
solar longitude is also well known to the required accuracy.
. mean earth radius is well known.

distance from moon to receiver. This is well known to the required
accuracy.

Tunar latitude is well known to the required accuracy.

i £TEE

lunar longitude 1s also well known to the required accuracy.

The environmental SPOPM inputs were discussed in Sections 3.5 and 4.6 from
the point-of-view of the values existing along a single propagation path. Use
of the SPOPM in the DCM requires the additional information of their simultaneous
values throughout a satellite coverage area. The cloud properties are
particularly uncertain when such correlated information {s desirable, and the
water properties are only approximately known over large stretches of the
coverage area.

Better data base development must occur in order to provide adeguate inputs
to the D(CM.
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5.6.2 Requirements

There is no uncertainty in any of the requirements inputs listed in
Section 5.2.2.

5.6.3 System Design

Considering the present state-of-the-art in laser and filter technology,
it is not surprising that there are significant uncertainties in many aspects
of the system design inputs. These inputs and their uncertainties include:

et = glew time, scan time or dead time between illuminated spots. The
value of this parameter depends on the details of the transmitter
optics design and the scan technique used, both of which remain to
be determined.

tu = source warm-up time. Since the laser source is unknown, so is a
precise value for this parameter.

PRF * source repetition frequency. This parameter depends on the most
efficient laser operating point, the choice of t, the minimum slot
width achievable and the number of lasers aboard the space-craft,
all of which are not precisely determined at this time.

GEL = (Off-zenith in-water receiver pointing angle. The optimum value of
this parameter will remain uncertain until water propagation experi-
ments and water data base development work is accomplished.

GAZ = Azimuth receiver pointing angle. The same cosments apply as for GEL‘
m *+ Number of simultaneously active lasers aboard the satellite. This fis

unknown until a particular laser candidate is selected, and its optimal
operating point is determined.

£ = Energy per pulse of each active laser aboard the satellite. The same
comments apply as for m,

FL = Wall plug laser efficiency. Same comments as for m.

?;0 = prime power on the satellite required for all non-laser functions.
This parameter depends on future satellite design.

bl Gual
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5.6.3 (Continued)

.. RS =« gatellite sltitude. This will be sufficiently known for all candidate
orbits.

3g = Satellite latitude. This will be sufficiently known for all candidate
ordits.

es = Satellite longitude. This will be sufficiently known for all candidate
orbits.

te = dead time between frames. This again depends on the details of the
laser, and its minimum time-to-refire.

te * slot width. This depends on the pulse stretching encountered in the
environment, and so will remzin uncertain until extensive clould
propagation experiments and cloud data base development occurs.

H * number of bits per pulse. This parameter depends on slot width and
minimum achievablie spot size, both of which remain to be determined.
€ » overlap factor between illuminated spots. This is not uncertain so

long as a random spot scan is employed.

3TS = Satellite short term angular jitter. This parameter is unknown until
further design is accomplished.

gTDR = Satellite long term angular drift. Same comment as for 975
The system design inputs for the SPOPM were not discussed previously, since

Section 3.5 and 4.6 emphasized the environmental parameters. The primary
uncertainty, beyond those discussed above, lies in the receiver: in particular:

2p = Receiver half angle field-of-view. This will not be known until
adequate water propagation experiments and water data base development
occur

R = Recefver (primarily filter) transmission. This will not be known until

the filter type and receiver field-of-view are known.

§-133
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5§.6.3 (Continued)

BOPT = filter bandpass. This will not be known until the filter type and
receiver field-of-view are known.

Table 5-4 summarizes the status of the input parameters of the DCM.
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5.6.3 (Continued)
Table 5-4. Status of “Input Parameters™ to DCM
PARAMETER STATUS COMMENT
ENVIRONMENT PARTIAL cf SPOPM discussion in Section 3.5
and 4.6. Distribution/Correlation
of environmental parameters i{s
unknown.
REQUIREMENTS ; 0.K. —
SYSTEM DESIGN
tsl é T80 Depends on system design details.
t' ; T80 Depends on laser selected.
PRF ? T8O Depends on laser and slotwidth.
GEL'GAZ T80 Depends on water propagation
experiment
. m T80 Depends on laser characteristics
' Ep ; T80 Depends on laser characteristics
FL ; T8O Depends on laser characteristics
Pgo 3 TBO Depends on details of satellite
' design
RS'“S‘SS 0.K. Xnown for each candidate orbit.
tf 780 Depends on laser characteristics.
ts T80 Depends on extensive cloud
propagation results.
H j T80 Depends on slot width and spot size.
0.X. Known sO0 long as random scan {s used.
“TS'STDR . Partially known | Depends on details of satellite
design.
%2 T8D Depends on water propagation
experiment.
YR : T80 Depends on filter characteristics.
Bypr : T80 Depends on filter characteristics.
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Section 6

FULL OSCAR SYSTEM MODEL

This section discusses the mode! for the full OSCAR system, including the
ground stations, microwave uplink, satellite orbits, optical downlink and submarine
terminal. The section is organized as follows:

6.1 Full OSCAR Systems Mode! -- Philosophy and Flow Charts

6.1.1 Philosophy of Approach -- Full OSCAR System Model
6.1.2 Model Flow Chart -- Fyll 0SCAR Model

Input Information
6.2.1 Environment

6.2.1.1 Fixed Data Bases
6.2.1.2 Data Bases with Predictable Variations
6.2.1.3 Data Bases with Unpredictable Variations

Requirements
System Design

6.2.3.1 Ground Station
6.2.3.2 Satellites
6.2.3.3 Submarine Terminals

" Environment, Requirements, System Design Considerations

6.3.1 Environment

. 6.3.1.1 Data Bases with Predictable Variation
6.3.1.1.1 Solar Location
6.3.i.1.2 Lunar Location/Brightness
6.3.1.1.3 Ice Location

6.3.2 Requirements

6.3.2.1 Sy:stem Effectiveness
6.3.2.1.1 Basic Definitions
6.3.2.1.2 Downlink Availability
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6. (Continued)

6.3.2.1.3 Crosslink Availability

6.3.2.1.4 Penalty

6.3.2.1.5 Sample Calculation
6.3.2.2 Life Cycle Cost

6.3.3 System Design Considerations

6.3.3.1 Ordits

6.3.3.2 Dynamic Efforts

6.3.3.3 Line-of-Sight

€.3.3.4 RF Link Analysis

6.3.3.5 Area Allocations

6.3.3.6 Remote Sensor Performance
6.3.3.6.1 Submarine Remote Sensors
6.3.3.6.2 Satellite Remote Sensors

6.4 Model [mplementation
6.5 Discussion of Analysis

6.5.1 Environmental Models
6.5.2 System Design Analysis

6.6 Parameter Value Uncertainties

6.6.1 Environment
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6.1 FULL OSCAR SYSTEM MODEL -- PHILOSOPHY AND FLOW CHARTS

This section explains the basic approach ysed in developing the architecture
for the Full OSCAR System Model (FOSM), and presents a flow chart showing the overall
interrelationship of the analysis discussed in Section 6.3 and its required inputs.
{These inputs are discussed in more detail in Section 6.2.)
6.1.1 Philosophy of Approach -- Full OSCAR System Model (FOSM)

This model, when fully implemented and verified, will be a model of the com-
plete OSCAR system. At this time, only the overall architecture of the FOSM has
been developed. In developing this architecture we have used the following approach:

a. The SPDPM is fully available for use as a building block;

b. The OCM is fully available for use as a building block;

¢. The baseline option in the DCM fs the one most favorable for OSCAR

tmplementation -- f.e., fully adaptive scan; {

d. The FOSM requires inputs in the categories of environment, requirements
and system design,

e. The environmental inputs include the time varying data bases of cloud
parameters, air-water interface parameters, and water parameters.

f. The requirements inputs include system effectiveress parameters.

g. The system design parameters include the details of all aspects of the
system, from ground station through satellite orbits through submarine
terminals,

h. The system performance over a given set of time intervals is calculated
for a given system design using the sub-models included herein. [f suit-

able system performance is not achieved, the system desiagn is modified
and the system performance caiculated again. If suitable system perform-
ance is achieved over a given set of time intervals, then the results are
combined with those gver other time intervals, so that the system per-
formance over the system lifetime is estimated. If this lifetime perform-
ance is not suitable, the system design is iterated, and the process
repeated until the system performance matches the requirements.
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6.1.1 (Continued)

i. The downlink availability is the driver of total system effectiveness.
At this stage of the overall OSCAR program, the SPOPM {s composed of
unverified propagation models, the DCM inputs include uncertain parameters,
and the technology to be used in the OSCAR system is in the R&[ stage.
Therefore, the downlink availability is calculated to the limits of our
present day knowledge, and reasonable requirements are imposed on the
remaining contributors to system effectiveness so that the system speci-
fication is met.

Implementation of this approach is discussed in Section 6.4, and exemplary
results are presented in Section 3 of Volume IV of this final report.

5.1.2 Model Flow Chart -- Fyll QSCAR System Mode!

A top level schematic of the Full OSCAR System Model (FOSM) {s shown in Fig-
ure 6-1. The input parameters are designated as environment, requirements and
system design. All three inputs are used to calculate the downlink performance over
many time intervals, which requires a multiple application of the DCM. The environ-
ment and system design parameters are used to estimate uplink/crosslink availability,
and the system design inputs are then used to calculate equipment availability.* Al
availabilities are then used to calcuylate system effectiveness over the same time
intervals, and, {f no system design iteration is necessary, then performance over
the system lifetime is calculated.

*But from (i) above, at present the uplink and equipment availability are not cal-
culated from first principles, but are assigned ‘:om the downlink result.
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Figure 6-1. Complete Model-Flow Chart
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6.2 INPUT INFORMATION

The inputs to the FOSM are divided into Environment, Requirements and System
Design. This section discusses eacn of these three kinds of inputs.

6.2.1 Environment

The Environmental inputs to the FOSM are composed of fixed data bases, data
bases with predic-able variations and data bases with unpredictable variations.
Each type has extensive inputs for the Full OSCAR System Model.

6.2.1.1 Fixed Data Bases

The fixed data bases include the operational area coverage, the astronomical
distances {since we ignore monthly and seasonal changes in RSU and RMU)' the choice
of Environmental Resolution Elements, the Skylight/Starlight strength, and ocean
depth within the coverage area. Some of these data bases were previously used in
the SPDOPM. (Other and new environmental parameters include:

SYMBOL DESCRIPTION UNITS
A, 3j Mean latitude and longitude degrees
of all the ERE's within the
coverage area.
Dgc 1 Mean ocean depth of {jth ERE. meters
J This enters in when
Ooc ij @ 0.

6.2.1.2 Data Bases with Predictable Variations

The data bases with predictable variations include the solar latitude and
longitude, the lunar latitude, longitude and phase, and the locations of the ice.
Some of these data bases were previously used in the SPDOPM and DCM, including Ls‘

Lae dsu® sy wye 2N oy
Other and new environmental parameters include:

SYMBOL DESCRIPTION UNITS
tom Phase of the moon, which deter- degrees

mines its relative strength.

Time of day at Greenwich hours
{0 degrees longitude)

(a4
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6.2.1.2 (Continued)

SYMBOL OESCRIPTION UNITS
TIME AFTER WINTER SOLSTICE days
tmo Time after full moon days
tnn Time after sunset hours
%0 Lunar latitude at sunset of degrees
a given day
ey Fraction of the {jth resolu- .-
tion element which is covered
by ice.

6.2.1.3 Data Bases with Unpredictable Variations

The data bases with unpredictable variations include the cloud conditions,
the air-water interface conditions, the water conditions and the strength of the
bioluminescence. Parts of these data bases have been used fn the SPDPM and DCM,
tncluding: T, I <cose~, .o # and H for the clouds for each ERE; n and V for
the air-water interface for eech ERE; n, ki. 01. 951. and S for the water for each
ERE, and LBL for the dioluminescence for each ERE.

Of these thirteen parameters, the most important ones with unpredictable
temporal and spatial vartations are T and " for the clouds, V for the air-water
interface, k1 and D1 for the water, and LBL itself for the bioluminescence.

Mlew inputs include:

SYMBOL DESCRIPTION UNITS

MTBFC Mean time between environmental hours

conditions which are sufficient
to cause an outage.

Mean time for outage-causing
conditions to clear.
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6.2.2 Requirements

The Full OSCAR System Model uses the complete OSCAR requirement set as its
requirements inputs. Some of these have previously been used in the SPOPM and DCM,
including TA. "LO' "H' Nspi‘ "Ji' g and D. The rest of the requirements are:

a. Full operational area coverage, specified in terms of 1y sj. for the
ERE's.

b. No submarine motion constraint (speed or direction);

¢. System Effectiveness, specified in terms of a total system availabilfty
Eff (syst). Also important are TAV' the time over which the availabilities

are averaged in order to obtain E., {SYST), and pEN‘ the penalty time for
an outage of any portion of the link,

6.2.3 System Design Inpuyts

The required system design inputs include Ground Station, Satellite, and
Submarine Terminal information.

6.2.3.1 Ground Station

The microwave ground stations were not considered at all in the SPDPM nor the
OCM because those models only fnvolve the downlink. Therefore, all the inputs are
new, and consist of:

SYMBOL DESCRIPTION UNITS
8 Number of bits to be conveyed on the uplink, bits
y per single time interval
8, Number of bits to be conveyed on the crossiink, bits
per single time interval
98 Number of bits to be conveyed on the backlink, bits
per single time interval
tu Time allowed for uplink delivery of bits seconds
t. Time allowed for crosslink delivery of bits seconds
t Time allowed for backlink delivery of bits seconds
‘of Wavelength corresponding to center RF frequency meters
PS Sateliite transmitter power watts
PG Ground station transmitter power watts
6-9
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6.2.3.1 (Continued)

SYMBOL

1 PJGJ

Lol

S
i "G
J

7]

TEARTH
TRECEIVER

TRAIN
W

33

MTBF
MTTR

DESCRIPTION UNITS .
Effective jammer radiated power watts i
Satellite antenna efficiency . -~
Ground station antenna efficiency .-
Latitude of jammer degrees
Longitude of Jammer degrees
Latitude of ground station degrees
Longitude of ground station degrees .
Noise temperature of the sun O%elvin -
Noise temperature of the earth Okelvin .
Noise temperature of the receiver Oxelvin
Noise temperature of the rain Oxelvin
Extent of Spread Spectrum H2
Critical (Noisze;g\ywege;eg’:ertz) cf‘hlte—s
Number of ground sites per satellite --
Satellite antenna diameter meters
Ground Station antenna diameter meters
Distance from jammer to Ground Station meters
Uplink avatlability .-
Mean time between failure hours
Mean time to repair hours

6-10
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6.2.3.2 Satellites

Some inputs for the satellites were previously used in the SPDPM and the DCM,
but primarily for a single time interval. The invariant satellite inputs are RSU'
R,”. teie t . PRF, m, €., FL' Re. PL Ho® tf* L, G, g € MARG, 42, Brge eTDR and

p
choice of the scanning approach.

Additional, and new inputs are:

SYMBOL DESCRIPTION UNITS
Pi’OT Total prime power capability of the satellite watts
Tma Period of the orbits hours
‘e Eccentricity of the (elliptical) orbit --
t Time when perigee of the orbit was traversed hours 1
- Argument of perigee degrees 11
1 Inclination angle degrees ‘
" Right ascension of the ascending node degrees
SR Rotation rate of the earth (S:S::::ﬁ:ﬁg:g) 1
n Number of satellites in single ground track --
v Optical frequency H2 1
Optical wavelength meters
65 Latitude of Ground Station degrees
5GS Longitude of Ground Station degrees
1g Latitude of jammer degrees
3¢ Longitude of jammer degrees
Revisits Number of times a given spot {s revisited .-
MTBF Mean time between faflures hours
MTTR Mean time to repair (or replace) hours
6-11
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6.2.3.3 Submarine Terminals

Most of the system design inputs for the submarine terminal have already been
listed in the SPOPM and DCM sections, including 8. 0, Yge 4o BOPT' (kT), F‘. G,
{ne/nv), RL' ld. F, GEL‘ GAZ' t;;» demodulation approach, and post-detection proc-
essing for time-of-peak demodulation.

Other and new inputs are:

SYMBOL DESCRIPTION UNITS
mFSUB Mean Time Between Fatlure hours
mRSLB Mean Time to Repair hours
i
]
6-12
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6.3 ENVIRONMENT, REQUIREMENTS AND SYSTEM DESIGN CONSIDERATIONS

This section discusses the analysis to be used in the Full Oscar System Mode)

architecture, except for those previously developed in Sections 3 and 4 (the SPDPM),
and Section 5 (the DCM).

Section 6.3.1 considers models for the predictable environmental data bases,
including sun, moon and ice location.

Section 6.3.2 discusses models for system effectiveness and life cycle cost.

Section 6.3.3 describes the system design analyses relating to the orbits,
dynamic effects, line-of-sight, RF link analysis, area allocations, and remote
sensor performance for both the submarine and the satellite.
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6.3.1 Environment

The sub-models for the data bases only correspond to data bases with predictable
spatial and temporal variations. (The fixed data bases are numbers input to other
models, while the unpredictable data bases are not suitable for modeling due to their
unpredictability.*)

6.3.1.1 Solar Location

The solar contribution to the optical background is characterized by:

55/2: The half-angle subtended by the sun at the earth,
Lg: Effective exo-atmospheric radiance of the sun;
RSU: Distance from the sun to the receiver;
Solar latitude;

5SU: Solar longitude.

To the accuracies required by the SPOPM, DCM and FOSM, the first three param-
eters are taken as invariable, and equal to:

. -3
BSU 4.65 {10 °) radfans

Lg ® 635.62 wms/((m2 (srad) .m))

Rgy * 1.497 (10'1) meters.

The solar latitude and longitude are key to estimates of the solar zenith
angle for a given environmental resolution element, as shown in equation (5-6) of
Section 5.3.1 of this report. However, they do not have to be modelled with
extreme accuracy since the pSU and NEPB are fairly insensitive to changes in solar
zenith angle of +2.5°,

We therefore consider simple models, and separate the latitude and longitude.

*Future work may change the categorization of some of these unpredictable data
bases to predictable, and hence model-syitable, ones.

6-14
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6.3.1.1 (Continued)

For the longitude (degrees east of Greenwich),the sun is modelled as going
around the earth once in 24-hours (to our accuracy),so we take

3y " 360[1 . 5‘3] (6-1)

for t = time, measured in hours after high noon at 0° longitude (Greenwich).

For the latitude, the extreme and mean are well known, so that

0
gy 0", vernal equinox

» 23.5°, summer solstice

= 0°. autumnal equinox

s -23.5%, winter solstice.
Considering the accuracy required (and to minimize computational time), we use {
Table.6-1 as the solar latitude model.
|
Table 6-1. Solar Latitude Mode! i
MINTER SOLSTICE 45y (DEGREES)
i 0 -23.5
! 30 -21.
61 -12
91 (Equinox) 0
i 121 +12
! 152 +21
192 (Summer Solstice) +23.5
; 222 +21
5 253 12
283 (Equinox) 0
314 -12
335 =21
Values between those shown are linearly interpolated.

6-15
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6.3.1.2 Lunar Location and Phase

The lunar contribution to the optical background is characterized by: ;

The half-angle subtended by the moon at the earth;

m/2

Lm: Effective exo-atmospheric spectral radiance of the moon;
Rm: Distance from the moon to the receiver;

I Lunar latitude;

sm: Lunar longftude.

To the accuracies required by the SPOPM, DCM and FOSM, the first and third
parameters are taken as invariable, and equal to:

‘2 " 4.65 (10'3) radians;

. 8
Rm 3.83 (10°) meters.

The value of L, used in the SPOPM was 1.37 (10'3) watts/( (lm.'ter-s)2 (srad)
(meter) ), corresponding to a full moon in the blue-green spectral region. For any
but a full moon the magnitude of Lm ts reduced. The magnitude of Lm depends on the
phase angle, Aom® as defined in Figure 6-2.

, Figure 6-2. Definition of Lunar Phase Angle, %o

6-16
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6.3.1.2 (Continued)

To the accuracy required here, we take a
27.5 days, so that

om to linearly go through 360° in

t
3om " 360(27"%) (6-2)

for tmo measured in days, and corresponding to time after full moon.

No analytic model* exists to relate Lm to a
derived result in Table 6-2, and the equation:

om® so we use the empirically

L= 1.37 (1073 T (6-3)

Table 6-2. Lunar Brightness as a Function of Phase Angles
LUNAR BRIGHTNESS AS A FUNCTION OF PHASE ANGLE

meac’s:'éss) 'm apm T
0 1
] 038 75 0.12
10 0.78 80 0.1
15 0.9 85 0.09
20 0.61 90 0.08
25 056 96 0.07
30 o4 I 100 0.08
B 0.43 106 0.06
40 037 110 0.046
465 033 115 0.04
50 028 120 0.036
L3 024 130 0.028
60 02 140 0.01
a8 0.17 150 0
70 0.14

¢I. Kopal, "An Introduction to the Stydy of the Moon," Gordon and Breech,
(New York, 1 Chapter 17.
6-17




PO,

ED SVUANA

L0 TEUANE LS TR QAR
40T Lam Os v DN

6.3.1.2 (Continued)

The lunar latitude and longitude are key to estimates of the lunar zenith angle
for a given environmental resolution element, as shown in equation (5-7) of
Section 5.3.1 of this report. However, they do not have to be modelled with extreme
accuracy since the Pmu and NEPB are fairly insensitive to changes of lunar zenith
angles.

We therefore consider simple models, and separate the latitude and longitude.

For the longitude, again in degrees east of Greenwich, the earth rotates 360°
while the moon is moving approximately 1/28 (360) = 12.9% in its orbit around the
earth. Over one night, the inaccuracy in completely neglecting lunar motfon is taken
as negligible and for each night we take

|

4

t
. . = _tom) )
“mu o (l Ei-gj (6-4)

-

for 3, " initial longitude of the moon at sunset,* and

tnm = time after sunset, measured in hours.

For the latitude, we use the fact that the plane of the moon-earth orbit is
inclined at apprcximately 5.l° to the ecliptic, the plane of the earth-sun orbf{t.

Therefore, we take

"t syt 5.1° (6-5)

-

as our approximate model for the lunar latitude.

6.3.1.3 lIce Locations

A few of the environmental resolution elements are far enough North that a
fraction of their area fs covered by ice during the winter and spring months. We
model this as completely blanking the OSCAR communication downlink for that fraction
of the area. The key parameter is:

’*
*3, should bde provided by a separate input, so that the approximation errors in
equation (6-4) are not compounded from night to night.

6-18
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6.3.1.3 (Continued)

lcij: Fraction of 1jth resolution element covered by ice. ICij will be pro-
vided in a look-up table in Volume [V of this final report. We do not present it
here so that the unclassified nature of this volume may be sustained.

6.3.2 System Effectiveness and Life Cycle Cost Models

This section discusses models for the system effectiveness in terms of link
availability, and the life cycle cost model.

6.3.2.1 System Effectiveness

The full OSCAR system may be depicted as a communication tree where the mes-
sage originates at the ground stations (relatively few in number), is transmitted
through the uplink to the satellite, and then through downlinks to the submarines.*
Such a tree is represented in Figure 6-3, with the system elements shown,

ELEMENTS

GROUND
STATION(S)

UPLINKS

- |- v o e . e o a— w— e

SATELLITES
CROSSLINKS

DOWNLINKS
& SUBMARINE
RECEIVER

Figure 6-3. System Effectiveness Communication Tree

*Crosslinks between satellites, if used, would not destroy this analogv.
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6.3.2.1.1 Basic Definition

Using the communication tree, it is seen that an end-to-end link can be
traced from each submarine back to a ground station. Therefore, the number of
complete links will equal the number of submarines, and the rth 1ink will have

an availability: i

A lr) = AGS(r)AUL(r)ASAT(r)ACL(r)ADL(r)ASB(r)’ . (6-6)

The availabilities used are for the appropriate element in the link e.g.,
that of the ground station and that of the satellite which services that partic-
ular submarine, and are defined as:

AGS = ground station availability, j

AUL *= Uplink availability, |
ASAT' satellite availability,

ACL = crosslink availability, including relay equipment cn satellites,

ADL = downlink availability,

ASB = sybmarine recefver availability. g

System effectiveness is defined as the average end-to-end link availability:

A . (6'7)

(3R] 2
P,

Egelsyst)

JOF-.orainls4

This can be written in the expanded form,

N
LN Ly (0, ey (m, (), ()
Eeeloyst) =g 20 Ags Ay A e Mo Ase (6-8)

Because of the construction of the tree, this equation can be expanded in

FOVETEDTSI~ S,

the following form:

6-20
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6.3.2.1.1 (Continued)

Egplsyst)s 'l‘_L-:AGSm [AUL(I)ASAT(HA\CL(I) (ADL(I)ASB(1)+AOL(2)ASB(2)*...)
*AUL(Z)ASAT(Z)ACL(Z)(ADL(i)ASB(i)vADL(i¢1)ASB(1*1)¢...)

’AUL‘J)‘snr‘j)“cL(J)(“oL(*)Ass(“)*ADL(**I)Ass(*“’*--')]

oAGS(z)[AUL(m)ASAT(m)ACL(m)(AUL(n)Asa(n)oADL(nox)Ass(n+1)»...)
’AUL(“””ASM("””ACL(””)(ADL(D)“53<9)+...)] '- (6-9)

5

[f the availability of any individual system element {s the same as any other
element of the same type, then the expression for system effectiveness reverts to
the much simplier form:

Epelsyst) » Ry Roarhe foKsp (6-10)

Moreover, if the availability of like elements {s i{dentfcal, then the mean
link availability is equivalent to any individual element availability.

6.3.2.1.2 Downlink Availability

The "downlink™ availability requires special mention. Although at any time
the number of cownlinks equals the number of boats, the specific location of the
boats is not known, even to the appropriate environmental resolution element.
Therefore, the downlink avaflability is averaged over all possible boat locations,
which in particular will be the satellite ares of responsibility, but tn sum would
be the entire FBM gperational area.

Also since the downlink is tied intimately to weather conditions, water
conditions, and signal and background conditfons, it is reasonable to average
over a time intervalsufficient to include a range of these conditions. A one
month interval would allow for seasonal variations and permit systems' strategies
which optimize for seasonal variations. However, in order to meet the system




6.3.2.1.2 (Continued)

effectiveness specification, the availability should be averaged over at least a
year (or multiple seasonal periods, including the appropriate system strategies).

6.3.2.1.3 Crosslink Availability

The crosslink availabilities are most likely to be those elements which do
not have identical values. This is seen from the fact that some end-to-end 1inks
may include crosslinks while other end-to-end links may not require them, There-
fore a weighted mean is used in the equation for EtL:

o NepAeg TN N () (6-11)

M

ItL

where N., {s the number of crosslinks used in the entire system, and the
crosslink availability is taken as unity for those 1inks not using crosslinks.

In general, the number of end-to-end 1inks using crosslinks may change
during a cycle of the satellite orbits. Therefyre, NCL may be a dynamic number,
and the average value gver a complete cycle will be used.

6.3.2.1.4 Penalty

The specification requires that a penalty be imposed for each outage. This
penalty is imposed on the average element availabilities in accordance with the
following rule:

Ax * T (6-12)

where X {s the larger of either

(MTTR/MTBF), |

or

T
Ay _en

(MTBF)

6-22
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6.3.2.1.4 (Continued)

where Yav is the time over which the system effectiveness is averaged, Pen is the
penalty, MTTR is the mean time to repair, and MTBF is the mean time between
fatlures.

In the case of the downlink, the nomenclature "mean time between failures”
and “mean time to repair"” is meaningless. The same statistical concepts are

retained by assigning the following definitions for links that do not have equip-
cent:

121

mean time between conditions which are sufficient to cause
outage.

NTBFc

MTTQC z mean time for these conditions to clear.

For the uplink and downlink, this information must be provided by the eanvironmental
data bases, either implicitiy or explicitly.

6.3.2.1.5 Sample Calculation

A sample calculation of availability has been performed using the values in
Table 6-3, and choosing Tav-8700 hours (1 year), Pen-l hour.

TABLE 6-3

Inputs for Sample System Effectiveness Calculations

6 u st | ot s8
| MTBF . 5000 | 10,000 , 50,000 ' 400 5000
| (hours) | ; i
- ™
| MTTR : 1 5 100 @ 12 1
. (nours) { Jw 1

6-23
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6.3.2.1.5 (Continyed)

The mean element availabilities are:
its = 0.9965
IUL = 0.99991
A = 0.998

IbL 0.948

KSB 0.9965

The system effectiveness is then 0,945,

In this example the downlink availability dominates the system
effectiveness, as would seem reasonable.

6.3.2.2 Life Cycle Cost Model

The 1ife cycle cost models to be used in the FOSM are

—
! NAVNESA, WEAPON SYSTEM LCC, FLEX 9B and
i{ NAVWESA, EQUIPMENT LCC, FLEX 48

They have been used by GTE-Sylvania on other NAVY programs.

6.3.3 System Design Analyses

The new system design analyses includes Orbits, Dynamic Effects, Line-of-
Sight, RF link analysis, Area Allocation and Remote Sensor Performance.

6.3.3.1 Orbits

The OSCAR satellites are assumed to travel in circular or elliptical orbits
around a3 spherical earth. Any perturbations to these orbits caused by the sun,
the moon, atmospheric drag, or the asphericity of the Earth's gravitation field
are to be corrected by periodic thrusts from statfon-keeping rockets. The
orientations of the elliptical orbits remain fixed in inertial space (Figure 6-4),
and are referenced to the Earth's equatorial plane (Figure 6-5).
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6.3.3.1 (Continued)

Time is referenced to the sidereal day, which represents one rotation of
the farth relative to fnertial space, rather than to the sun. This differs from
a solar day by a factor of 364/365, since the Earth rotates one more time during
this year than the number of days in the year. The "hour" used for time is
defined as one twenth-fourth of a sidereal day, and the time origin corresponds
to the earth's prime meridian pointing in the direction of the vernal equinox.
The satellite positions are determined by six orbital parameters (See Figure 6-5
and 6-6):

Yorb‘ the period of the ordit

‘o the eccentricity of the ellipse,

tp. time when perigee of the orbit was traversed,

o, argument of perigee {angle)
i, inclination angle

S, right ascension of the ascending node (angle).

For any given time, these are used to obtain the position (Rs‘°s'ss) and
velocity (Rs.as.ﬁs) of the sateilite in the spherical fixed earth coordinate
system. (This s the system used in the DCM.)

The position and velocity of a satellite moving in a spherically symmetric
gravitatioral field were derfved by Kepler:

£ v 2 (et )eegsink (6-13a)
Tord
. 2/3
2 (soao m ) T (6-13b)
hr
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Figure 6-4. Inertially Oriented Orbits

Figure 6-5, Geocentric equatorial coordinates and ordbita) elements *
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6.3.3.1 (Continued)

Figure 6-6. Orbital Parameters

X = a(CosE-c,)

Y= aVl-ci sint

2.0
1. 2
X e "8 sint
- € 4C0s
) 2-a ' l-cz cost
‘= J
Y T(1-¢ecosE)

=0
where £ is the eccentric anomaly in radians,

3 {s the semi-major axis in meters,

l

and the rectangular coordinates (IX. V.O.l

i,l

' (6-13c)

(6-13d)

Y.0) are within the plane of the

ordbit and have their origin at the earth's center (See Figure 6-€). Equation (6-13a),
called Xepler's equation, is transcendental and requires and fteratfve solution.
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6.3.3.1 (Continued)

To translate to equatorial plane coordinates requires the following
sequence (see Figure 6-5):

a. A rotation of & about lZ axis.

b. A rotation of i abcut the 2x axis.
c. A rotation of n¢ﬂ°rt about the 3Z axis.

These operations are accomplished by successive multiplication of both the
position and velocity vectors by the standard rotational matrices of linear
algebra:

2. 2: 1 1:

X X XH XH
2, | . . . , . i

v % [“3‘"‘““0#] [R1(1)] [n3(g)] lYH l'u (6-14)
2, 2:

K3 .

o, o
where R (a) = 1 0 0
0 cosa sina (6-15a)

0 -sina  cosa

is a rotation about the X axis (or axis 1) through an angle of a,

Rz(ﬁ) «= lcosa O -sina
0 1 0 {6-15b)
sina 0 cosa

is a rotation about the Y axis (or axis 2). and

R3(a) = |cosa sina 0
-sina cosa 0 (6-15¢)
0 0 1

fs a rotation about the 7 axis (or axis 3).
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6.3.3.1 (Continued)

The resulting cummulative transformation equations are:’

>
[ ]

1l
x(cos(n*ﬂort) cosw - sin(ﬂ*ﬂort) sinu cosi)

-Iv(cos(n*ﬂ t) sinw + sin(neq__t) cosw cost) (6-17
or or k a.b.c)
Y = lx(sin(mnort) cosw + cos(ﬂ*ﬂort) sinw cosi)

olv(asin(n*nort) sinw + cos(Q*Qort) cosw cosi)

1= lX sinu sint + 1

Y cosw sini
4 1‘
X X(cos(3+ﬂort) cosw - sin(Qoaort) stnu cost)
1 -
- Y(cos(u*ﬁort) sinu ¢ sin(Q*Qort) cosw cost)
Y . lx(sin(mﬁort) cosw + cos(asn t) st cost)

¢1Y(-sin(30ﬂort) sing + cos(:*ﬂort) cosw cosi)
1 1

X sitnw sini ¢ °Y cosw sini

The satellite state vector is now referenced to the inertial geocentric
coordinate system with the X-axis in the equatorial plane pointing toward the
prime meridian, the Y-axis in the equatorial plane. and the Z-axis pointing
toward the Ngrth-nole. ;To change to the rotating non-inertial system requires
subtracting . x r from r:

X » 2 <(-n. %y} = Zxeq 2y (6-19
a,b)

3, 2
Y Y -Cor X ’

+ The same equations apply for 3x. 3Y and 32.

6-29




6.3.3.1 (Continued)

The satellite state vector is now referenced to the rotating geocentric
fixed earth rectangular coordinate system. The following transformation is used
to convert between this system and the spherical coordinate system of longitude
and latitude:

- |
R R CISTIC LI Y (6-20a)

. tan'1 3Z i (6-20b)

—_—
3,2,3,2

|

(6-20c)

, -~
VIR N N

| .- 353232y 3 3k« K3y |
1 43x§4!v2 (}xzojvzozzz) ,

!

R = 200 e Yy 4 4]
' |
!

! (6-20b)
where Rs is the distance from the earth's center to the satellite, e is the

longitude, and 1 is the latitude. Application of the foregoing transformation

from the orbital plane for successive times traces out the ground track of the

satellite.

if a statfonary ground track is shared by several satellites, {t is assumed
that the optimal configuration has them equally spaced in time. This requires:

(6-21)

(6-21)
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5.3.3.1 (Continued) l
I where n is the number of satellites, 24 is the orbital period, and tp and

o, are the time of perigee passage and the ascending node angle for the jt"

satellite.

6.3.3.2 Dynamic Effects

The effects of satellite motion in the FOSM are summarized by the
following parameters:

*s'% . zenith angle and rate at the earth's surface;
:SA{SA azimuth angle and rate at the earth's surface;
. i
"SLEW angle between 2 satellites as viewed from the earth's surface;
R range from a satellite to a point on the earth's surface;
“SLEW angle between two points on the earth's surface as viewed from

the satellite,
(;!) : the relative Doppler frequency shift for a signal between the
satellite and the earth's surface;

‘SLEW angle between a point on the earth's surface and a satellite as
viewed from another satellite;

the relative Doppler frequency shift for signal between two
satellites;

S'?S : zenith angle and rate for a point on the earth's surface as
viewed from inertially oriented satellite-centered coordinate

- system with fts 7 axis parallel to the earth's axis and its

X axis pointing {n the direction of the vernal equinox (See

Figure 6-8). 4
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6.3.3.2 (Continued)

JSA‘JSA : azimuth angle and rate for a point on the earth's surface in
the satellite's system (See Figure 6-8).

Rss : distance between 2 satellites.

RJS : distance from jammer to satellite.

These parameters are obtained by conversion of position and velocity from
the geocentric fixed earth system to coordinate systems centered on either the
satellites or the earth's surface (Fiqures 6-7 & 6-8). The positions and
velocities constitute state vectors for the satellites, submarines, ground

stations, jammers, sun, and moon. The satellite state vector in the rectangular
3.3, .3 30
3° %3 73 3 f3Y

The submarines, ground stations, and jammers are at the earth's surface and

fixed earth system, were derived in Section 6.3.3.1 as ( X3.

the submarines are assumed to have negligible speed compared to the satellites.
Their state vectors in the spherical fixed earth system are therefore
(R e*3suB° SUB.0 0,0) for the submarines, (Re.uGS.EGS.O.O.O) for the ground
station, and (R ,aJ.,J,O 0,0) for the jammer. The sun and moon coordinates in the
spherical system are (R U.asu.usu.o 0,0) and R“U a"U.NMU.O 0,0).

To determine AS"S"SA"SA"SLEH' R and *; for a submarine or a ground
station located at longitude aand latitude 2, the satellite state vector is

converted to a system centered at (a,5),in which the Z axis is pointing away from
the earth's center, the X axis is pointing South along the meridian, and the Y axis
is pointing East (See Figure 6-7'. 7o convert to this system from the rectangular
fixed earth system of Section 6.3.3.1,the fcllowing operations are required.

) Rotation of position and velocity through an angle of & about axis 3 using
matrix (6-15¢) of Section 6.3.3.1.

® Rotation of position and velocity through an angle of (+/2)-1 about axis 2
using matrix (6-15b) of Section 6.3.3.1.

o Translation from earth centered to topo-centered:

1=17- Re

6-32
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Figure 6-7. Ground Station and Submarine Coordinate System

5y

Ix
DIRECTION OF
VERNAL EQUINOX

Figure 6-8. Satellite Coordinate System
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6.3.3.2 (Continued)

The resulting transformation equations are:

4x = 3x sini cos8 + 3Y sini sing -3Z cos:

(6-23
8 = 3¢ ging + 3y coss 2.b.c)
4Z . 3x COSi cosd + 3Y cost sing + 32 sini - R3
4i = 3i sin:e coss + 39 sini sing -32 cos:
.‘Y 3 ‘BX Sinﬂ + 3Y COS:% (6‘24
4 a,b,c)

l 3X CcOSi cosy + 3v cosi sin? + 32 sin.
where 3R state vector is derived in Section 6.3.3.1.
The slew angle, doLEw’ at this latitude, 1, and longitude, 2, between two

satellites is now calculated from the vector dot product of the satellite's
positions:

—

—

——

cos™! 1 "2 1 2 1“2 ; (6-25)
4. 2 4.2 4,2 Ja a2 4,2
SURAA TS AL IR F AR 7

PSLEW

L -

A

The rectangular coordinates are converted tn the spherical coordinate
system shown in Figure (6-9) by using the following equations:

f
R = dez » 4282 4 * cot™! 4 « dgp T tan : fl (6-26
—= )
dez RE)¥: X a,b,c)
. d . . .
. 'xdx LN L4
V‘XZ + 4Yz + 422
:-S . (dxdi . dyd;)dz _ 4i(dx2 . AYZ,) (6-27
a,b.c)
Vrixz L 82(82 82, 8,2)
sy * xor = v’
dxi . EYZ




Figure 6-9. Rectangular and Spherical
Coordinate Systems Centered
on Earth's Surface.
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6.3.3.2 (Continued)

The relative Doppler frequency, {(3v/.), is calculated from R, the rate of
change of the range between the satellite and the point on the earth's surface:

(;%), . g (6-28)

where . and >\ are the frequency and wavelength shifts,
» and + are the carrier frequency and wavelengths,
and C is the speed of light,

This effect limits the minimum useful bandwidth of nontunable filter and
laser combinations %o:

[ L . o

2 - R |

“min T T (Rlua (6-29)

where RHAx 1s the radial velocity leading to the nighest Doppler shifted
optical frequency,

and R!:M fs the radial velocity leading to the lowest Doppler shifted optical
frequency,

and the aljebraic sign of the velocities are preserved.

L N e -
S* SA' SA® SLEW for the satellite, the state vectors of

To determine ‘S'
the ground sites, ‘ammers and ,ubmarines are converted to a coordinate System
centered on the satellite. The fixed earth state vectors {Re. o 1, 9, 0, 0) in

the latitude, '‘ongitude system are first converted to rectangular coordinates:

Yag * Ry COSTec COSEpe (g:g?c)
BVGS = Re c05135 sinSGS

JZGS . ae sinass

Mg Mgyt Mgy v 0 (3:gt°)

6-16
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6.3.3.2 (Continued)

X, = R_cosa, COSB (6-32
J e J J ‘.b.C)
Iy an i )
J - e COSJJ S nBJ
32 s R sina
J e J
3iJ-3§J-3i-o ' (6-33
| a,b,c)
i
3 (6-34 1
X = R cosa cos? 6-
SUB e SUB SUB 2.b.c)
3Y = R cos SINZ
SUB e ‘sus Sus 1
32 = R sima
SUB e sus
M M S | .
Ysug ® Yous * lsyp " O ‘ (g gsc)

The satellite state vector is then subtracted. The resulting vectors are fin
the ,ystem centered at the satellite and rotating with the earth. Since the solar
cells must always point toward the sun, the satellite's orfentation is assumed to
remain {relatively) motionless in inertial space (%%% degrees of rotation per day).

Therefore the orientation of the basic satellite system {s assumed to be inertial.

To convert to this system the state vectors are rotated 'hort about axis 3 using
matriv 6-15c of Section 6.3.3.1 and ﬁor~F is added to the velocity components, ?.
where ﬁor is the rate of rotation of the earth. The transformation equations are:
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6.3.3.2 (Continued)

5, . (3, 3 R 3, 3 .
Y ( xGS' XS) cosi .t - ( Yeo- YS) sinnort

S5 . (3 .3 . 3, .3
YGS ( XGS' XS) sin nort + | YGS' YS) cosﬂort

s (3 3 O M & 4
X ( Xgs xs) cosq .t ( Yas vs) siny )t

5. . 3 L3 | 33,

Yos ( Xec® xs) sin (uort) + Yas vs) cos.. L
5. 3 3

Igs * Igs™ s

S5 . (3, .3 o e (3, 3

X, ( X;- xS) cosi, t { Y, YS) sint t
Sy o (3 3 . 3, .3 -

YJ ( X, XS) sin Tort * ( YJ VS) cosi ¢
5, .3, 3
I VR I M & .

xJ ( xJ- xS) coshort ( YJ vS) sinuort

S- . I}. -3- - 3- -3. -

YJ { XJ xs) sin uort + YJ VS) cos“ort

5, .3 3

Ly

5 . 3 | - 3, 3

‘SUB { Yeug® XS) cosuort - VSUB YS) sinﬁort
5 S T - 3, 3 .
Youg = (Xsup™ Xg) sin fopt ¢ (TgugmTYg) cosigy
5. 3 3Z

Ssu " “sus” s

6-38
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(6-40
a,b.c)

%
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i
H
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6.5.3.2 (Continued)

(3 RN

3 3 .
sug * (TXgyg~Xg) cos .t Youp~ Ys) sinf, .t
5, . 3 3 . 33 R
Youp = (XgugXg) sin 25t ¢ (TYgp-"Yq) cosng t
5. 3. 3.
Zenn ® a1 (6-41
sus * Zsus” s 2 boc)
where ( xs.3vs.3zs.3 S'3YS' ZS) is the state vector of the satellite in the

rectangular geocentric fixed earth coordinate system derived in Section 6.3.3.1.

9SLEH is calculated using the vector dot product:
1 5 5 K 5 5, 5 )
o u el tsusl Xsusz * - 8y Ysus2 * Isusl ZSuuZ (6-42)
"SLEH [q+1 1 T ——— ———a——— ——— —af -
- 502 .5 ‘/ y . 572
[ “sus1 * suez * Ysuz * SUBZ |
S‘ S SA' SA are obtained usin: trhe equations for conversion to
spherical coordinates:
— : ]
Y cot™} 2u8 ' {6-43)
52 4 52 ,
Xsus * Ysus g
|
—
5 5 Sy Sy S, .5 5 . 52 7
- Xsus*sus * Ysus "sus) Zsus” Zsus (*sus * Ysus’ ' (6-44)
- €
> 52 . 52 (532 W52 552 |
Ysug * Vsus suB * Tsus * Zsus
5 i
: -1 'sus |
* tan (6-45)
SA L9 ‘
SUB ,
E
s S5 .5 5 |
© ., "sus_"sus ~ Ysus *sus (6-26)
S SAT87 57 |
Ysus SUB

6-39
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6.3.3.2 (Continued)

?SLEH is most easily calculated using the vector dot product in rectangular
fixed earth coordinates:

S SO DR N N W S SO W T
v gy o cor” PR VUAN N TRRANAA T SE Y LA TUAR M VLA M YL (6-47)
LE .

3,003 3203y 3y 20 Y, rgf3 3 2 3 3 02,3, Y, (2

(g gy oUW gy o2 gy 1T WX TR 1o e Y 100 02y gy )

where YoLEW is the angle between satellite 2 and the jammer on the earth's surface
as viewed from satellite 1.

RSS‘ the distance between 2 satellites, and RSJ' the distance between
satellite 2 and the jammer, are calculatad in the fixed earth coordinate system:

{
!’ ey 3y V2.3, 3, 2.3, 3, .2
| RSS ‘& xsz xSl) + ( YSZ- YSI) + ZSZ— le) ‘ (6-48)
* |

.J3 3y 32, (3, 3 32, 3, 3 . _
R T VOHG Xy 1T e (TryTYsy )™+ 7272y 02 j (6-49)

6.3.3.3 Line of Sight Calculation

A line of sight must exfst between two satellites before they can communicate
using crosslinks, and the sun must be visible to a satellite before it uses its
laser (or it will need excessive battery storage). For these reasons the line of
sight condition illustrated in Figure 6-10 must be examined. The shaded area
is not visible from satellite 1, represented by position vector “l‘ for another
satellite or the sun, with position vector “2 to be outside of this area,

Rl - R2»< Rl - Re (6-50a)
or
0 U (6-50b)

6-40




_o—SATELLITE 1

SATELLITE 2

Figure 6-10. Line of Sight Geometry i
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6.3.3.3 (Continued) y
i.e., satellite 2 is visible if it is within Vnz - R ? of satellite 1, or if {t
i is outside the cone forned by the satellite and its tangents to the earth. el is

the angle between vector Rl and vector Rl - Rz and can be calculated using the
vector dot product:

L b » COS- W' . (6’51)

From Figure 6-10

ﬁ
R (6-52)
u e ). o5} .
- sm-‘(;fl:) s (VR - R )

TRy

The second condition then becomes:

R )'Tz RS - R (6-50b)

} (Ry-R)Ry ¥Ry - Ry

é Ll '

Expressed in the rectangular fixed earth coordinates derived in
Section 6.3.3.1 the two conditions become:

‘ 3.2.3.2.3,2

J(3xl- xz)z‘( Y,- v ) 0(32 - 22)

3, 2.3, 3. .2.,3, 3, .2 2 | i
T T L A A G I AR e i T (LN (e ]
. | ; ’
3, 3 | |

(x. )xo(v-v)v~(z Z)z ,
2 1 2" *1 < < 3.4 2 , !
ij‘vf % (6-53b) ¥

1

—:;‘ - e -y
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6.3.3.3 (Continued)

These can be inmediately applied if the satellite position vectors are
expressed in any rectangular coordinate system. The sun position is defined in
the full system model in terms of the latitude, longitude spherical coordinate
system and must be converted using equations {6-20) of 6.3.3.1 before the test.
For the sun, the first test is useless. Since the sun {s very far away and is
in reality an extended light source, the vector difference E - iz is approximated

1
by the sun position vector. The second condition then becomes:

-RZ. 1< 1-Re (6-54)

where R, is the unit vector in sun's direction. Therefore using equations (6-20)
of Section 6.3.3.1, the line of sight condition to the sun becomes:

3 3 ]
X cos 3,608 8¢ ¢ Y cos asusinesu* 2 s!msu )_‘)SKZ‘JYZ.}Z!_RQZ (6-55)

This will be required for every satellite at the time it {s using its laser,
and equations (6-53a) and (6-~53b) above will be required for every 2 satellites
which are using a crossliink,

6.3.3.4 RF Cosmunication Link Analysis

There are three potential RF communication links: an uplink from the ground
station to a satellite, a crosslink between satellites, and a link from the
satellite back to the ground station (which will be called a backlink). The
uplink and backlink share the same frequency band, but the difference in the
transmitter powers, data rates, and noise sources requires separate analysfis.

Three signal margins ("u'"c'"B)’ which determine the success of the links,
will be derived using the following inputs:

8 .B .85: Number of bits for each link to transfer,

u''c

tu.tc.tB: Time allowed for each link to transfer data,
LPr: Wavelength corresponding to RF center frequency,
PS.PG: Satellite and ground station transmitter powers,
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6.3.3.4 (Continued)
DS.DG: Satellite and ground station antenna diameters, i
! PJGJ: Effective radiated power for a jammer,
"g gt Satellite and ground station antenna efficiencies, ¢
RGS: The range from the ground site to the satellite,
} RJS: The range from the jammer site to the satellite, 2
RGJ: The range from the jammer site to the ground site, {
RSS: The range from one satellite to another,
’S: The zenith angle to the satellite as measured at the ground site, %
AUL: The required availability for the uplink (and backlink)atmospheric ,
cnannel, §
?
fSLEH: The angle between a jammer at latitude ay and longitude BJ and a
satellite as viewesd from another satellite,
TRAIN® TRADOME Signal attenuation factors,
"SuNTEARTH' TRECEIVER TRAING NO'se temperatures,
W Soread spectrum bandwidth for signal. ]
t “he uplink/backlink model is illustrated in Fiqure 6-11a where the narrow
i beam 0f the satellite antenna's gain profile allows a flat earth approximation i
for the link's footprint. B8oth satellite and ground statfon antennas are used 4
for both transmission and reception of all traffic, fncluding satellite tele- ﬂ
metry and control as well as the primary communications. The backlink is needed 14
t to carry measurements of critical satellite parameters, remote sensor informaticn, ;
message verification and retransmission requests. Fiqures 6-11b shows the cross- ;
link model in which satellite | is recefving from sateilite 2 and from a jammer ]
on the earth’'s surface. L
The signal modulation method for the links will not be specificied except
to note Figure 6-12, which indicates that there are several methods for obtaining r
2 bit error rate of less than 10" with an energy per Bit over noise power per

hertz (EQF/VO) of 12 d8. It will be assumed that with error correction or error
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Figure 6-11a. Uplink/Backlink Configuration

6-45




A SCTRUMRC SYSTUAIL GRS
AT HAR Srvaaon

Figure 6-11b. Crosslink Configuration
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6.3.3.4 {(Continued)

detection followed by possible retransmission, this bit error rate is sufficient.
For instance, if 106 bits were transmitted with single bit error correction for

31 bit blocks, the probability of an uncorrected error would be only 15%. If

104 bit dblocks were then used for error detection and retransmission, the
probability of uncorrected errors after 1 retransmission would only be .0003.
Therefore, 12 dB will be used as the critical (E/No)C for successful communication.

(Ej}j) = 1248 (6-56)
‘0 C

and (S_Rﬁ) | (Esﬁ) (BJLF) (6-57)
‘o C No o tRF

where ERF is the energy per message bit,
Sgg is the siqanal power at the receiver,
No is the noise power per hert: density at the receiver,
BRF is the number of bits in the message,

tae is the message time interval,

In order %0 overcome intentional jamming, the signal bandwidth, W, {s assumed
to be increased by spectrum spreading technigues {pseudo-noise, frequency hopping,
time hepoing, etc). Thé form of the margin ca'culations is as follows:

N
[s] ]

SaF A [ (6-53)
T Yo Sar(Ere/ Vo)
C

| ]

-

0

The signa’ power at the receiver .5 qiven by:
. o RF A i
Sar * Pr GyGp- (""“7) “pain "Radome "Afr (6-59)
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6.3.3.4 (Continued)

where p RF is the transmitter power,

Lo B B

T

GT‘ GR are the gains of the transmitting and receiving antennas,
~ \oF is the RF wavelength,

RT is the range to the receiver,
and the t are transmission terms accounting for losses.

This equation assumes there are no antenna pointing errors. Both bore-
sight gains are given by:

>
-0 ¢
G = (T;:‘F) - (6-60)

wnere O {s the antenna diameter and ~ {s the anterna efficiency, generally about
50=. 1

The signal expression is valid for both uplink and backlink when the
appropriate transmitter power value, PTRF. fs used. It is also valid for the
crosslink §f the atmospheric attenuation factors are dropped. The term, T RAIN'
is extracted from the rain attenuation statistics for the ground sight for a
given availability. Fiqure 6-13 shows the zenith path attenuation vs. availability
for various frequencies for Rosman, North Carolina.

As shown in Figure 6-14, these statistics are typfcal for fast coast stations,
and conservative for most West coast stations. They will be used for all ground
station models. The large rain attenuation factors are caused by small convection
cells, which are several kilometers in diameter, and pass-by in minutes. The
probability of encountering one of these cells s assumed to be proportional to
the o3ith length through the atmosphere. Therefore, the availability for a non-
zenith path is decreased from the zenith path availabtlity used in Figure 6-13,
dy:

=4

RF

s

ol '(AUL.z) sec + (6-61)
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Figure v-13, Attenuation Distributions for Calendar Year 1970 at
Roseman, North Carolina
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6.3.3.4 (Continued)

where sec ::F is the path length factor. If more than one site can communicate with
a particular satellite, then the total 1ink availability is increased. The resulting
avatlability from both of these factors is:

Mer RF
Ay = 1-- [; - (Ay ) sec 951} (6-62)
si '

where Nof is the number of ground sites, which are assumed to be separated
enough to have uncorrelated heavy rain statistics.

To use Figure 6-11's statistics for 2 ground stations with different
zenith angles to the satellite requires a trial and error approach, which
minimizes the maximum attenuation of either site, for a given desired total link
availability. 1f, however, the sites are close enough that the zenith angles
are roughly equal. but their rain statistics uncorrelated, then t%e availability
to be used in Figure €-.3 can be calculated:

3

Ay gt (1-(1-AUL)”"RF) cos ¢¢ . (6-63)

For example, a desired total uplink avatlability {due to rain) of 99.9°
at a Zenith angle of 80° s equivalent to a zenith availability of 99.982%,
which corresponds to 3 rain attenuation at 32 GHz of 28 dB (which must be over-
come by the transmitter). f two such stations are available, the required
zenith availadbility at each site is only 99,44, or an attenuvation of only 12 d8
at 32 GH:.

~ RADOME * the attenutation factor from the ground antenna's radome, {f one
is used, can bde estimated from Fiqure 6-15 which given a maximym value of 4.2 dB
loss for heavy rain onto a dirty radome at 30 GM2.
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65.3.3.4 (Continued)

The clear air attenuation, TAIR® is very small uyp to 60 GHz as can be seen
from Figure 6-16. Therefore, it will be ignored.

The noise density, No' tn equation (6-58) is given by:

2., . 2 2 2 (2| 172
No ® [‘“ Toun) * (6 Tearmd * O Trecerven) * (% Trapn)“+(3) ] (6-64)

YSUN andg YEARTN are the noise temperatures for sun and earth when they fill the
view of the receiving antenna. TRECEIVER and TRAXN are the receiver noise
temperature and the noise temperature due to heavy rain near the receiving
antenna. k is Boltzman's constant. TEARTH is zero for the backlink and TRAlg

fs zero for both uplink and crosslink. A typical value for TRECEXVER fs 1000°K
for today's satellite technology, TEARTH ts 254°%, and TSUN is between 10 and
107°K depending on the RF frequency and the sun's activity level. The noise
caused by rain is shown in Figure 6-17, where it is evident that 10‘°K is a very
liberal estimate for the noise temperature. Obviously {f the sun fills the field-

of-view of the antenns, it dominates the natural moise sources.

The last term, % . in equation (6-64) is caused by a broadband noise gener-
ating jammer which 1s assumed to exist at a distance RGJ from the ground station,
for the uplink/backlink case, or at latitude 1y and longitude sJ for the crosslink

case.

The jammer noise ,ower {s spread evenly over the apparent bandwith, W, of
the signal. J is the notse power at the recefver due to the jammer, and is
determined by an equation similar to signal equation (6-59).

‘re)?
J . PJGJGR(QJ) IIES (6-6%)

where PJ is the jammer transmitter power,
GJ is the jasmer antenna boresight gain,

GR(’J) ts the satellite antenna gain in the direction of the jammer,

and RJ is the distance from the jammer, to the receiving antenna.
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Figure 6-16.

SAVELENGTH, A(mm)

Summary of sea-level atmospheric attenuation
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6.3.3.4 (Continued)

The rain related attenuation factors have not been included because the
Jjarmer's heavy rain statistics are assumed not to be well correlated with those
of the ground site.

The gain profiles for both the ground station antenna and the satellite
antenna are assumed to be that of a parabolic reflector, with tapering to lower
the sidelobes to 25 dB below the main beam:

2
-0 2 J
. RF 1, 1{) -
Gls,) (‘nr )w" [ v ] if x<3.6 (6-66)
0 2 -0
RF RF \» 1
s [ D R-25 dB = RF ( ) ify> 3.6
(\RF) ( }‘nr) 316
-0, sin 2
where | = _R_i'________!
RF

DRF is the receiving antenna diameter,
"RF fs the recefving antenna efficiency,
X fs the angle between the jammer and the antenna's boresight

and Jl fs the first order Bessel function of the first kind. The gain is main-
ained at Go(0)-25 dB beyond the main lobe because it is assumed that jammer will
be moved off the satellite antenna profile's nulls,

For the uplink:

RGJ cos 6§F
(6-67)

s, gin
) aF
Ras~Reu S1n %

For the backlink:

.- RF
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6.3.3.4 (Continued)

For the crosslink:

° " Tsew
Inserting the terms into equation (6-58), the margins become:
l /2,2 2.2
" 0 n°D A 2

G G n S In RF T T

! " 9 —2-—- S W RAIN RADOME
| u(f r’“o) 2 . JGJ (o2 nr T2
| suu Tearth * TRECEIVER R,
| . 05\
lnhere 6 ( ) \ if < 3.6
| n A\l
i (—05) s (3—}-5) i 4> 3.6
| RF
RF
‘and ‘- IE§ RGJ cos d¢

W RegeRe, sin ,‘;" (6-69)
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6.3.3.4 (Continued)
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L

and TRAIN is a function of AUL.
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6.3.3.4 (Continued)
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Successful communication implies that these margins exceed unity and the
line of sight conditions are met for crosslinks.

6.3.3.5 Area Allocation

Environmental resolution elements should be allocated to the satellites in
such a manner as to minimize the time required to scan the coverage area. The
Full OSCAR System Mode! calculates the figure of merit (ronij) to every environ-
mental resolution element for each sateliite in the constellation. Because the
time required to cover a resolution element is inversely proportional to the
figure of merit, a more appropriate number to use in allocation considerations
is the reciprocal of the fiqure of merit, called the 7 fiaure.

The inftial allocation {s accomplished by giving responsitility for each
environmental resolution element to the satellite which can cover it using the
lowest G figure. For each satellite, a summation of the G figures for those
resolution elements for which it is responsible is calculated. To meet the
time requirement, the sum for each satellite myst be less than ST. where
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If this condition is met, the allocation procedure is terminated and this initial

g

satellite allocation is used.

; ' When the time requirement is not satisfied, re-allocation is performed.
) For the satellite with the largest summation of G fiqures, the responsibility

for one or more environmental resolution elements must be transferred until that
satellite meets the temporal requirement. These environmental resolution elements
must also be reassigned in such a manner as to provide a minimum amount of loading
on the other satellites. To accomplish this, for each resolution element assigned

' to this satellite, the difference between G values for this satellite and the
satellite with the next smallest G value is calculated and stored in a table named
delta. The delta table is next sorted in increasing order while keeping careful

E account of the environmental resolution elements associated with each value in the

. delta tabie. [n this manner, a sorted environmental resolution element table is

created. Since the smaller the value in the delta table, the less the impact of

area reassignment is upon the other satellites, resolution elements are

reassigned to the satellites with the next lowes? G finures, in the order that

they appear in the sorted table. Elements are reallocated until the G figure

summation becomes less than ST' The remaining environmental resolution elements

will comprise the final area allocation to this satellite.

A summation of the G figures for the remaining satellites must now be com-
outed, The summations are aqain checked to see whether or not they meet the
temporal requirement. [f the requirement is satisfied for all the satellites,
the allocations are completed. Should the requirement not be met. the procedure
of forming the delta table and performing enviromental resolution element
reassignments for that satellite with the larges: G figure summation must be
repeated. This procedure continues until all satellites satisfy the time require-
ment, or until all satellites have received their final allocations via the

process described above.
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3 6.3.3.6 Remote Sensor Performance

! Information derived from a "remote sensor" is desirable at both the
submarine terminal and the satellite. This section discusses the information
desired and the method(s) of obtaining it.

6.3.3.6.1 Submarine Remote Sensor

In order to optimize the performance of the Submarine Terminal, we can

vary:
1. Receiver Field-of-View;
2. Receiver pointing angle relative to zenith and local longitude,
3.  Detection Bandwidth:
4. Post Detection Filtering,
5. Post Detection Processing;

E and, depending on the optical filter tvpe,

6. Filter center wavelength (‘) and the bandpass (1:).

In our previous development of the SPDPM, we have assumed that:

a. The receiver field-of-view is fi.ed:
b. it is ootimum to point the receiver at the signal (f=0);
c. The received pulse shape is known, and that using
3 +0.4
402

results in optimum and iossless detection, filtering and processing.

.f we further assume that there is a "set” aboard the submarine whose
purpose it is to derive enough information so that those six parameters will be
optimally selected, we note that in operation the information available to this

remote sensor set will include:

1. Satellite locations:
2. Sun/Moon location;
3. Receiver location and depth;
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6.3.3.6.1 {(Continued)

4. Submarine Speed;

Time-0f-Day;

Time-of-Year;

Average Water Data Base there and then;

Average Cloud Data Base there and then;

-Average background level in the operating passband;
10. Verified Propagation Path Models.

O O ~~ 0 Wwm
e e s e

P

The key inputs are the last two, since one may be able to derive the
characteristics of the propagation path from passive measurements of the existing
background. However, the following information could also be made available:

11. Long range cloud forecasts;
12. Thermocline locations and strength;

13. Relative spectral strength of background;

14. Previous pulse characteristics;

15. Background short term fluctuation properties;

16. Background long term time dependence;

17.  Short term weather pattern update (night before).

On another contract we are developing techniques for using all or part of
these 17 data inputs to provide the required informatfon on the submarine, and
are proposing that experimental verification of these techniques be performed
under the development tests defined in Section 9, Volume 4 of the final report.

[n the meantime, we take as a submarine remote sensor mode!l:

[Agra. The receiver field-of-view is fixed at a single value, independent of
the propagation path;

The receiver optical axis is pointed exactly back at the axis of the
fncoming signal;

The received pulse shape and width {s exactly known, and lossless
detection electrical filtering and processing occurs for the detection
bandwidth, B, equal to 40% of the reciprocal of the half power pulse
width, AtX/Z'
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6.3.3.6.1 (Continued)

Further analytic and experimental work will certainly modify one, or all
three, portion(s) of this model,

6.3.3.6.2 Satellite Remote Sensor

The remote sensing “set” of the satellite terminal could provide informa-
: tion to optimize the following satellite transmitter characteristics (assuming a
i single “black box“ laser operating at a single value of Ep and PRF {s available):

Transmitter beamwidth; N
Number of revisits to a3 given location;
Message type (Selective call vis-a-vis General Broadcast, for
example);

and 1f a tunable laser and filter are avaflabdle;

4. Wavelength (V).

In our present development of the SPDPM and DCM, we have assumed that:

a. The satellite transmitter beamwidth is perfectly matched (for the
fully adaptive scan) to the propagation path losses in a given
environmental resolution element (ERE}, so that the required signal-
to-noise ratio is exactly matched with the actual signal-to-noise
ratio;

b. No revisits to a given location occur:

¢. The message type is pre-selected before a DCM run, and is not of
prime importance since the system is designed to meet the EAM
requirements.

The "set” responsible for determing the scan pattern, revisits, and
message type will have the following available information:

1. Outputs from all available remote sensors on other satellites.
2. Real Time weather updates from the ground/ships ("ground truth®);
3

Coverage Area Location;

4, Data from the previous time {nterval,
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6.3.3.6.2 (Continued)

1 ey el

. Average Cloud Data Base for that time and place;
. Average Water Data Base for that time and place;
Time of Day:

Time of Year;

9. Verified Propagation Path Models.

W ~w O

On another contract we are developing techniques for using all or part
of these nine data inputs to provide the information required by the satellite
remote sensor set. A significant portion of the other program is devoted to
determining the state-of-the art of available and planned remote sensors, and in
determining their accuracy in estimating the key cloud, air-water interface, and
water properties.

We are proposing that experimental verification of the resulting techniques
be performed under the Development Tests, defined in Section 9, Volume 4 of the
final report.

In the meantime, we take as a satellite remote sensor model:

>

A perfectly adaptive scan controls the satellite transmitter beamwidth,

No revisits to a given location occur; if the FOHH <1, then the 1j'th ERE
is not {lluminated at all; ‘

The system is designed to deliver an EAM; the system knows enough to send
a Selective Call message (to maintain connectivity) where a General Broad-
cast message would require too much time, and so lower the system

effectiveness. ' i

[T e e
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6.4 MODEL IMPLEMENTATION

The architecture for the Full OSCAR System Model has been developed in the
previous sections. It is not within the scope of this contract to implement a
computer program for this FOSM, but it {s part of this contract to perform sample
calculations using all elements of the FOSM to show example results.

These sample calculations are performed in Section 3 of Volume 4 of this

final report. They occur after:

for

1.

8opt

A configuration trade-off has been performed in Section 2 of Volume 4.
This trade-off results in optimum satellite configurations (orbits

and number of satellites) for three types of orbits: geostationary,
12-hour period highly elliptical, and 24-hour period highly elliptical;

The SPOPM t{s evaluated for a range of signal, sun, and moon zenith
angles, and cloud and water types;

The DCM {s evaluated in Section 3.4 of Vclume 4 for satellites in

the best configuratfons, fully adaptive scan, time of peak demodula-
tion, data bases for clouds and water provided by NOSC, a single time
interval during which the sun {s at ¢+ 23.5° 1atitude over the center
of the satellite's area coverage responsibility, for the EAM, and
typical system design parameters. The downlink availability is scaled
to meet the minimum system requirement by deriving a required
technology figure of merit:

g (12
TECHe FLPL( a) \ (6-73)
0PT

wall plug laser efficiency:
prime power available on the satellite to pump the laster;
receiver (primarily optical filter) transmission;

= ootical filter dandpass.




6.4 (Continued)

Then the best of the satellite configurations is chosen as that one
requiring the fewest satellites and the smallest value of TECH.,.

Based on these results, we perform the following sample calculations in
Volume 4 for the FOSM:

Environmental Inputs: Half the runs with Worst Case NOSC models for clouds
and water, Half with the Best Case;

No ice blockage;
Sun/moon location in Table 6-4
Requirement [nputs: Full area coverage and full depth EAM
Full System Effectiveness.
System Design Inputs: TEC"FOM and satellite network from DCM,
Other system design inputs from DCM.
No crosslink.
Uplink assumed not to be a driver, but spectified.
No MTBF's or MTTR's for any portion of this link.

For each of the 12 runs, place one satellite at apogee
over an ocean, and allocate the other coverage as
appropriate. Alternate the ocean over which the
satellite is at apogee in every other run.

6-68
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6.4 (Continued)

TABLE 6-4. SUN/MOON LOCATIONS FOR SAMPLE FOSM RUNS

SUN MOON
i LONGI TUDE LATITUDE LONGI TUDE LATITUDE
s
0 0 180° +5.1°
P 0 +23.5° 180° +28.6°
| b 0 -23.5° 180° -18.4°
3- %0° 0 270° +5.1°
i ‘ 90° +23.5° 210° +28.6°
90° -23.5° 270° -18.4°
180° . 0 0 +5.1°
180° | +23.8° 0 +28.6° i
180° | -23.5° 0 -18.4° :
210° | 0 90° +.1°
270° ? +23.5 90° +28.6°
270° i -23.5° I 90° -18.4°

PRI

; For each of the 12 runs, we calculate a downlin: availability. Then the
' | average downlink over the year is taken as the average of these results (wefghting
‘ the 0’ solar latitude results twice).

ey -

i gﬂ Given this downlink availability, then, reasonable values will be assigned
| to the other four portions of the 1ink to arrive at a system-effectiveness which
meets the O0SCAR requirement.
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6.5 DISCUSSION OF ANALYSES
The analyses developed in Section 6.3 differ markediy in their status.

6.5.1 Environmental Models

The sub-models for the predictable data bases presented in Section 6.3.1.1
are not uncertain. Although they are only approximations, the results are adequate
for predicting 0SCAR performance.
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6.6 "“Parameter Value“ Uncertainties

and OCM, but also extend to others. i

6.6.1 Envirormental Parameters

l The parameter value uncertainties for the FOSM include those of the SPDPM
The parameter values for the fixed data bases are well known, and the only
‘ l uncertainty in the predictable data bases is the exact values for ICU. fractional
‘ ice coverage, to use for a particular 1j'th environmental resolution element
i during a particular month. This only affects a percent of the total coverage area,
o

so the uncertainty is not of prime importance.

The unpredictable data bases of cloud properties, air-water interface
properties and water properties are largely uncertain. In addition to those
g problems pointed out in the SPOPM and DCM sections; the global, seasonal and
: dturnal properties now become of importance. In particular, the mean time
between outages and mean time to clear are not known at this time, along with
real distributions and evolutions of cloud thickness and average extinction
coefficient, depth of the thermocline and diffuse attenuation coefficient above
and below this thermocline, and the strength and characteristics of bioluminescence.

L S . e s abh

Table 6-5 summarizes only those FOSM input parameters which are uncertain,

Table 6-5. Uncertain Parameters for the FOSM

PARAMETER COMMENTS

AR,

f ENVIRONMENT

f ICE COVERAGE A SMALL EFFECT
L. CLOUD OISTRIBUTION PARAMETERS NEEDS TO BE RESOLVED
. AIR-WATER INTERFACE PARAMETERS A RELATIVELY SMALL EFFECT
{ WATER DISTRIBUTION PARAMETERS NEEDS TO BE RESOLVED
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