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" INTRODUCTION.

earllest beglnnings, man_has heen‘étrumg

teliable commnnicanons systsms be dev oyed. to.

ubmarines

could




I ct‘her‘ ', ati iy e sary o, trans u 5

Tarks > Blocka sl vdata gathered “at Bottom. unit “over a g

peﬂ<d ‘of ‘mn'e ‘o an obser T

rfuce. Th:s Isituation

T migh)

oceur in a study of tempemure or salmity changes ‘or

> seismic - acd ty at the ocean floor.

Voice: fcation hetween

Same! area a buck—up ‘o

] mull, °. conpare

1t

commumcmon Cthrough air | ior:

i lelectromagnetic’. propagation) ' such | ds.

R g :
Is ‘niot suitabl

‘carriér, however,

sver. long

“the losﬂes’ involved in

;ram of hgure. .[9]




“distilled
water




a:ous!ic energy as the. medris Tof trAnsm(!tlng mfammnn. This

ide 3 —mginax to man = whales ‘and Sotpata:

- is nenher new. i

have beer using undemr sotnd . 4s, comm inicatién - aids® for

;ages.; The - lcsses . with ithe  fr. of " acoustic

those - of

en‘e:gy through

qur or. hve

bandwidt!

the - ocean ‘offer

“orders

of “‘magnitude

):':oader thar ¢ wnh

For’ “this. msun' e authgr ™ Ras choden’ 1o use acoumc. Tl

® ropagunon

“ideviopmiént of .an . underwater communicatmn‘

system
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N giont s .




wader.
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an attenuation :between tl‘\e transmitted and - received sig;:alé.
This attenuation ~arises from | the fact that  the transmitier
generates a. finite” amount of power over a finite area which in
tirn gives an ‘energy ‘density at, the  transmittef. While this
energy is propagating toward the receiver; ‘the total energy is

spread over’ an increasing area which results in a . decreasing

enérgy density; Since the receiver. has" only a finite area,’ it

responds “to’ the energy density amd hence, there is nn appuren!:

loss in: t‘he recelved: endeay il 7

‘spreadl g of an ucnustic wa‘

receiver. Since the surface u'eu of & sphere is proportimai to,

the: Qquare of . the  radius; the loss due to ‘spherical spreading

‘may ‘be. c.lcumed ass'; N

A, f =20, 1og @ '_ :
A whe're.!zz?xE s

This - equation ‘is

acoustic © waves -is avuiluble. lf the spre&ding ‘is shown to "be '

non-spherical, " it* sheuld be ‘tememhere

In vt}.\e ab nce of other m"ns of pl‘!dlcﬂng the

spherical sprendmg mny be ;-

[that ‘spreading’ losses -
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. simply acceunt for the ratio between the energy- densities at the
)

transmitter and receiver. This. knowledge will enable the “designer

to make a better prediction of the spreading “lossess when more

data on the spreading.characteristic is dvailable. -

\

2.3 Noise a3 P
As . in . all ‘communication channels,. an underwater

acoustic .charinel has noise ‘associated vith it. The ambient noise

surfnce 5 selsmic ﬂch

hich’ mus

Bh e drchie by

e m ‘sources; - the anbient “noise’ 1ev=1 ‘o
s L,

 shallow waler

Bighty,: Variable,; (Riter L2210 isays

il fortinately: ho . generally : applicable: “shaliow - vater  noise’

medsuréments ‘are Ava:lable, consequently " the" desigrier must’ rely

on'special surveys,. and ‘past “expe Mence to, predzct the *magnitude

_and " frequéncy’. de ée'of the tind ‘néise . The noise

level ‘can e ac:ounted for over the frequency range of: interest,

by' transmitting . at a surﬁme.m Presiure “level: for ‘an _adeq

“signal’to noise- :mc in'the wom case condmons. ‘

e typl.cal ‘graph. of ambient nom Tevels for

udifferent smppmg and sea ‘state paumeters .versus frequency is
g shiwn in F{gu:e 2.2 from Urick [ 27 ] bnsed ot the” flndings of

Knudsen [12] .These curves: mdicate the expected deep ‘water

£ the ocean s’ generated by. vmous means. ‘Wave action at the’

ottom, “ship tramc ‘dAd’ marine o
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2.4 Multipath and ns Ef!ec!s
‘Since the problems of attenuation and noise can be
overcome simply, - though brutally, by. transmitting ‘at  a

sufficiently high - pressure level °, " at “least ‘to the limit of

cavitation[27 1 -, lhe main problem assocmted with! undervuer ,

acousti on s thz' i e(iect.l [ll [19] [30]

"Since waves propagnnng thmugh water do not necessnnly travel

:uight lines,: there may_ be muny pnths thnt an.. acousﬁc

wnve can (ake betweeh a ‘given trnnsmmer ahd recewe:. hence |

» reﬂec(iuns at; he surface orh botton nnd

ilso by re!racnnn ot

bznding ns Jithe ™ wnve ““move: though regiens of; diﬂerem

o :ha:acterlstlc veloctues. 'l'his means that”a purtlcular receiver

muy “at one ‘time receive signals yl;lgh are - bent," renected fmm

it the suﬂ‘ace.‘ unect'ed from. the bom:m'. or “any 'combination of

' ;these. Stnde~ enéh ol these paths have. different distanices-and -

velocine assocmted with th‘g Vthre received As’ignnl is ‘a

‘l‘he effects of these

sxgnsl.

i surface

reflects

waves: vhich can :cuusg




‘constructivi op destructive ir}@erfergnt;e at the receiver. ‘The.: -
remliing variation in amémudc can be: quite pronbunced's(nc;
thé travel distance -for n 40 KHz slgnal need ‘only change by 1. 8
Tem to g{ve complgle phnse reversul. An experimenl conducted “on
board Memorial University's boat, the 'Elsxe G -on Concepnon
L ey N Jime 1980 shows . the "distortion “caused by miltipaths.. & -

constant 40" kHz .tone was tr nsmlttgd by an : acoustic - source

direéted toward - the - surface: from tl:ue ocean ﬂoor at 200 m iepth. L

The signal was then rec:Wed

y . an omnldtrecuonnl hydl‘ophohe ’

+. " Reflection : a} acou';c w‘nves at _any - oceam -

boundi{ry s “one - of the anisms_~ whereby. wlti is S

§enara(ed. frhox'-ough ,analysis of the' reflection. process atmme

ST erface can only be accomphshed statistically, " since’ the sur—face

rxndnm ﬁme-vary\ng boundary due to ‘wave ar.ﬂon. Lord, T

lemos” [15] s ‘considered “the surl‘nce wave height. guz&ng

and the ucoustic wsveleng:h. in'a stntisticul analysls o[‘.

work,, however.'

uses’a simphhed mode] of th: surhca T flectian

4 plAne Assoc'mxed with this reﬂecﬂon is a 1ao° ‘phnse shu:: and

Yo g




200

TIME (s)

Figure 2.3 Envelope Fluctuations of a 40 kHz
Tone due to Multipath Lowpass Filtered
to 12 Hz.

91
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discontipuity  at - the . aif-water  boundary. Under - -normal
conditim3, heveves;. the " loss will' ‘be ‘around 3 -dB due to thel
surface roughness. Whither o not the surface may be considered
Vm be smooth depend- on. the Rnylnsh parameter l 27 13

R=2Mhsinn -5 SR .
2 . ; (23

where: R = Rayleigh parameter

n grazing angle 2
L - "' acoustic vavelength in n .
then tha ‘surface ; muy —ha conaidared to he smoor.h

bo(tom ‘are hlghe:, however.

reﬂectrlon‘ ‘angle. equal. 'ty tha " ircidant “aagle with ummeq
power loss. it 9 SR ey X

© . The. direction 'of propagation of an. acoustic wave

. is changed, ‘ot ‘only. by reflection at the surface’or bottom, but *

_also by refraction or bending as the wave travels through the

"v:‘nedtum.n This | bending  'is cdused _by,'vn(@uons in the

7 s :hlrll:ter tic iound velocit

' sound velocuy was determined by Leroy* 114] bnlzd on dnu' :

i~ Th = RMS wave height neasured ‘et ta n—-ouqh inm

for di[feren! regions in’the skt -

3







: B : ‘ where: .= sound velocity in m/s a 3 : 7 '
b EEL temperatire in °C" e
j;' - . s'= Sa‘illnity irjvpp\':, e g ’ TS o
i 2z = depth inm % i
“‘ . ot ¥
An " acoustic  wave moving ‘liqtc o degien of 3

different' temperature, salinity or depth.will change velocity and .

eory, fn the same manner as. it applies to




2055 st Ty

| ' _ray optics, that is, by Smell's Law: g . -

cos'm = cds na, % : ‘(2.8 ; .
—_—,
¢ ¢ 3
where: Ny, M2 are the grazing angles for layers I & 2

cyricy are the characteristic velocities of
i 7 layers 1.2 S 2

" ; b8 v : n prn:tical ‘teTms,

diro:tlon of la ruy as: it ‘moves intd

nct:r(mc vglocu

S e e A :onunuany‘novxng xhnugmzeglons of different :

| s s 0.7 i-When the" eff&ls of - reflection lnd mfrl:ﬁon are

‘characteristic velocities and hence is’continually being refracted.

taken imn' —nc:oun!. the paths ‘an: “acoustic wave -m lnllov my
. be found and the lnulllplth effects pndlcled.

24,2 Multipath Determination‘Using a" Ray Trace Program = - . =

'Once’ the lavs 7 governing the 'reflection’







- "the" veloeity profile  of that -ocean. This'veloéu'y' profile may- be

'umber of differem depths

obtained experime}nlllly _for. a'

then, by linear: interpolation, the velocity at ‘ny depth ‘may be

found.  1f . the ocean velocity . pml’lle is then used” to henzontnlly T

stratify the ’ccean’ into™a latge number . cf hyers. each vnh its

T ! own chnrac(erisuc velo:ity. the paths ln u:ouslic \uve wﬂI mke 3

: !rom a* source - ey “be pmnczed 1 28], These pn(hs can; also be:

sual l‘epresematmn “of the

HP9BE

communlq:ation syltem and st

5 on experimennl data obtained by Memorinl Un(vgrshy dutmg the

'uuy 1978 cruise of the Canadian sclentific: ship” l‘Hudsol\

NS Flncenuu nny., This - utput plet c\elrly shovs ihe effect or fad o

'reﬂunon “and refraction on the Ppaths an et Gaye ‘may take ©

't!\mugh the “ocean. A com_plete gmgum Hsdng und no chart of

nd in Appendix ‘B, While :ms W

the ny'—‘mce pi—ogum may be.

uy—t.race pmgrum is linmed by s in-bilny ta conslder undom

" ocean” wave action or 2 fluct\lat‘u\g [bottom, it “does give a -
Ll i RAR

: reg\sonnble estimate of the .cousm: vnve pa_(hs. 3

H;e i ‘f

gun 2 5, u not a

dlv:rg:m mnes. The spruding lbs
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) those two rays, ‘indépendent of their respective ‘paths. Urick [ 27 ]

indicates that this loss'may be calculated using the equation:
Ay fe i

e Lo o oag =10 log ;[sg~ss_~ xAh} " v el B
o : £.{ TR b3
: where A’sv = dpreading loss in ds . ¢

v vy = horizontal distance hetween .source and
. ; i receiver in.m

\:Ah = vert&cul distance between rays at: the
recewer Tn m :
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losses. - The output of the program is a plot of signal smngm
versus the travel hmes for- euch of the. elgennys. thnt is, the -

_eigenray ruponse_fer that pnrnc lar cunﬁguntlon. The eigenray

.response for a par‘culnr ocean_aepth, velocity - ptohle and
suurce/recelver conﬂguruﬂon £s,plqued in F\gure 2. 8. The basic

_ny-trnce program - has been. . used to glve_ the vl‘sunl

of .the -for ‘this ¢onfiguration which is-.
: plotted ‘in Figure :2.9. LT ytadn g

W The eigenray . pmgrlm gives the"desigi{er ians

‘ind{cauon of  how severe the mulnpath P blem will be !er n‘

! pu‘ticular ocenn

vhh the 7

erfec{ THis program. therefore, is

uvvery uteful tocl‘in ‘heA design of a~_sy;_tem yhi‘ch:mus{
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! METHOD$ USED. TO SUP}’!?ES‘S‘ MULTIPATH
) : L . . B

S 5 i

3.1, Introduction

P S wl

While " the . effect - of mul{tp.nth is. &’ greal hinderance. to me .

deyelopment . *-of + u'rehuble tic ,' tion «

-system, - several 'systems ducribed | the literature . have ' beén |

tesled wth my g degtees of successT2], 131 tiog, SO RN
i 12, 33

.1hes¢ symms ‘have relled on:  one or  more “of four

bussti mode i

oy

3.2 Transducer

Transducer

of ! eau;:ing the

huve dl erent

jagecm-y angle: n !he transmitter, ‘al num

mu’mpnhs | rpr,’ 1

the_










While “this method certainly has_ the. ability to suppress
mulnpath for- horizontal transm\ssion, it has two main, problems.
In the case of. verncu‘l lmnsmiss‘on. where ‘the . receiver is

\ A
\du'actly above ‘the transmitter or nvice versa, the multipath rays

all orgmue “at the sa' e mgle and arise from reflections at -the
' surface and‘ botton, This type af system must rely only on the

béundugy' reflection losses “to

problem this technique hns'

f- a series of high freque cy pulses. the ehecti’cn's of <1
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use of time, and s elso) a t'3 to

]

/ |

analog messages  since the missi is not inuoy The I

time-efficiency depends on ‘the . geometry of the‘ocean but can be |
quite low if the multipath lasts for-a long time.

IS

3.4 Frequency - Hopplng ik, A
_The frequency-hopping technique (may .best he understood

as an extension of ‘the burn mode technique in ‘that zhe messnge

is lrensmitted on a pulied cerrle « Instead ol just va\ung fer

er pulse conunuany i

? unm the mumpeth rrom the ﬂnt

7 pulse dies sut and then the e Jof ‘frequenkies s repeated . . i

ai’illus!rnted tn Fig\lte 3 3. This techni uses time ciently, . -

hovever, implemenlnien of. such a lys!en may - require..quite
. complex  circuity. . Morgera T217, for example ﬂeicdbes a- system
which - uses tventy’ different carrier frequencies Ai\d"'hehce -also
. requires‘a bank of twenty filters and a 'pvhuve' reference “for enci_l
 frequency. which m,us:' be "'syﬁchmmm oninitial 'ceritec(:. This -

technique “isa  well iuned % digital mmn{lssion."smce the

d !l.‘cln\ be Zst duﬂng ench hop.

ed
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5 ,(nnsducerl.

% maiy discrete. jumps between carrier ftequenchs. However, the
carder frequency is ‘constantly ﬂuh(ng as deplcted in" Figure - ¥
“3.4. This. technique has ‘been 'descdbed by Zielnski. and Blrbour i

[32] 0 IJS]And “Barbour I3] and preuminntsy test,s lnd(cnle ns /

j eﬂ‘:cﬂveneas Jin suppresling mult(p h. This tnn mission ’lpheme

noise which'

can ‘bg . usgd

o -, both nnnlog ‘and dxgml trar

receiver lexi h »to a 'A j-ho

PPing

l\wultlc r v fq_r a

lnrge sveepmg runge. Rel:em vork An the area of ‘flextensional ™

:umducerrmay' better | fill this ¢ req\llrement " for .broadband -

2 trunlducers [18

The trncklng ruur receive‘

u:ount fur :ome vnr.i.lbles in the conﬂgunﬁon

shin due lo mcving trunsducers or vnrymg

'[hli “thesis is -directed toward the 'developmeni of . the - -
v 5 iy

= svept—clrrl!r que with
trnnsmiuion nlthough analo

qon:igered .







speqifmul}y/tu " combat - the.’ multipath, 'e'ffms. Each  system,
iae. et

to the expected mumpath

followed by s spre d

ﬂlustrates th(& odel ;

“the concept:: of “a

i’ swept inia







sinusoidal fashion and is tracked usmg a phase—lock:‘loop This i

‘type _sweep places lhe multipath, camer Swebp’ at acettain
phase ~separation _from . the -direct catner “sweep Csmd “hence /
§ mulupath suppressmn can ‘be obtained using a trackmg hlter. 7 ¥

_During each. cycle of ' thie ‘caYrier swéep; . -however;. the direct puth

bandwldth and.-the: multxpath bandwldth will ovetlap twu:e as

b shown in Flgure 4.2 The time; dunng wmcn the” bandw1dths,

emal mu:lhpa_th;, _how'euzr,

. ramp . slope. depends’:on " th
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fodae s, separation bewuﬁ' the direct und he multipath. Since . the
hundvid!h ol the. mulnyath must be sepunte from. the d(recl

-, . path, the Mnimum ramp slope is ‘found by the equnhn'

“.1)

before the carﬂ!r can: remm m thnt rrequem:y the mlnimum

* ramp pmod is equal to - the wtaz impulse response decay Aline o

equired cnrr‘le’f éw'ee'p
'decide ‘the’ position {n the [requency

slon depends on the HS




: i : .
message bandwidth, the ‘range of the communication system, the

-aimbiedt ‘noise and the transducers. used. It may n'az be Plossible"

nsfy all of the restncupns these consideratiéns impose for

an on chnnnels. Cor Iy,, the ¢ may. be

* “forced ” to sacnf{ce message bandw;dth or: to allov. a :ennin

amoum of! mulﬂpath 'mterfu'ence &n “the system

‘- The. carrier”

d Thls equtmon ‘immeg utely impose\s an. upper and

'un the choice ef curriu frequency

umxr on the | carrier,

equencies:’ iinless ' sufficient.

Cnrlson notes, g




- 3 iy 2 C

.system is” to- maximize the signal to moise- Tatio, the’.frequency
spectrum of ‘the amblent noise -also plays a role- in. determing the
carrier. frequency. Figure 2. 2. shoved that the ambient noise is
ot~ Constant over the . frequency band, rather; the - figure
Iu;djcms a Band of reduced noise in the 10KHz to 1006tz decade.
e actual feequency” rhnge ‘with aximun signal to noise- level, :
of * course, - also- depends vn the range of the mmumc.uon

“channel due o’ the

For shon ‘distances a htgh rnnge of frequenclu 'wﬂ\ give the

mvdlnum signal to no

a4’ while n lang du(nnce vﬂ rgquire LR

4 !
ca lcwe: rnnge al frequencie

Riter | 23] developed an ‘equation- which” gives m-' i

U700 . 7 approximatioh of the optimum Tredusney. 5 This. equation FhE

i obtained by differentiating the sonar equation, neglecting’ the

of any unkn " The . ‘equation” Riter
obtained is: < ST R : : AT

B L Lo S e e SR i

= optimum frequency in kHz'

od =tange in‘m. % =

"n-e renulu or this equnmm are pldtted in F{guu IL. “Riter: "

notes thnt for longer runges, sughtly higher frequendes “than' -

indlcned .lhonld be ' ch len fﬂl‘ inculud blndw dth nnd to

ellmmnle luw—vh‘zquency bxologh:u and* mnn-m‘de qolses _wmch

S 'were ommed 1A the equation.. The L A Eapgess fer. AT

svep_t—:nrriu‘ system ' will  lijely: fall und this _optimum
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frequency. 3 o
¢ : s - There is -another restriction on -the selection of’ @ g
the carrier frequency bnnd which is imposed by -the ttausducers.

A swept-carrier system is .!nherently a  broadband system,

"houever; underwater - acoustic are 1yp

devites and are normally na ind. ‘B d t are

genlrnlly nbtained hy -8, proper: dumpmg which

The née‘d' fr;r 16

4.1.3. - Ambient'Noise ‘Considerations . = . - © el £ 55

= > 'rh'e‘ main _ quality as: of a.

i 2
_link is.in the ‘signal-!o-uolse uue‘ Sin:_e the -ambient' noise

* C T level at. thes recelver i : xh‘év sxgnal-t'o—noise- n'ﬂo s

gnnl to’ noise ratio far nnuloy

evaluated’ S

' Table; :



b S TABLE 4.1

Transmission Requirements for Selected Analog Signals
; : O

: © Signal Type . - Signal-to-noise ratio, dB’ L i

/und frequency shlft-keymg. versus the YS! 1 - parameter.,







This expression ~fs.valid for an ideal ‘receiver

o " and represents ‘the -upper bound ‘for the error ‘probability of

o actual systems.

;ource l_evgl .. - found usmg

Y the ‘sweptzc:

3 me input pressuce

: affe::t the signal-tn—mu\np th :




the

‘myltipath, h
reported “in'the htera ure
designer wnh A simp\e criteria: to ﬁevaludt

such as the slgmﬂ 1o mulupath rm{e

'E\[ZOlcg(/y+z)+m(/y +z‘)] :
= direct path intens:.t.y in"dB re 1uPa’’ ’
horj.zom:al distance from transnutter
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= intenslty o£ the n®
dB .re lm’a

mul’tipéth in

isf found " by

“in Which “case




where:, I'=.i

} > = improvement achieved by 3 £
M ,eliminating'm multipaths. in 4B "
) A “m = number of multipaths elim'ihi:teq"-

. calculator - and * -the. output is plotted :’l:i Figures PO
—4,‘,CAde.f,g,h‘ for Various -Values "'of ocean depth. ‘multipath - o,
; suppression and.‘bottori + “surface renec‘ on; - Toss. T_i.es'e; 'f{gu'rﬂ';' R

it mulnpath il:\terliily, e calculanon










“IMPROVEMENT. (DB):




<. Taking aut the comman Sactox,

3 L oq'u‘uon reduces to:

lim 1= Jog 'E_ 10‘“(1‘
- “o o n=l

¥/z *=
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’coinp_élient. In a ‘sftuation‘:m:y}{icﬁ th

Aixed,  the - Doppler __shit

“FM, Pl

Wi i message baﬁdvldth. the modulater

The ., imp: . i symptotically.
Appronches a vllue which depends only’on’ the reflection losses s
and the number of paths ‘supp: This asymptotic’ ap o it

the valué m(l 4 Ly) is shown in Figures 4.7. The improvement
i sighslitoinoise  tatio, to, be “gained by multipnth suppresstnn is

seen to be quite substanha}. o

4 1.5 Choice of. Modulanan Techmque

t carrier: - echnique will proyide a”

‘he ‘desigrier must

'.the:: selectlon

thg. .m‘c;dulgtlgnv type is “the ‘_‘nv’al‘layliilny' of the "’ Civeien

“transducers . are ' not.

will” affect " the - expéte& garrier, 2,77 A0
frequency of ‘a swe\)t—carrﬁer s;stem. Unleu the ‘carrier compenent =
|s nvaxlnhle to be tfacked, compensaﬂon- for, the Doppler sMR

vould be dimcuit And disto:hon of the messuge sxgnal “would”

s result. Some of the a1 1 “techni such as it .

M, DSBSC and SSB--do "not contatn t):e :arrier component und

hencc ate not well—nuued to th)s task..

.~ Two posslble chmces umumng ;ar

nnd demadulnzor ¢
.

co{npux 1133 1251

chosen to impreﬂ the s 3 oq tpe s ,' c




Circuitry hgs

4.2 * Prototype  Design

4.2 lmroducnon
ln crder to test \the. concept of ‘a swept-carrihr

o
“cont unicauon systemIr a prototype was deslgned and buﬂt. Thls

send eitHer | analog oF - digltal messages

lustrated in F1gute

andwld(h in whlch “the

-al o been

5 b’oppler »sh’m, hydrophonel movemznt ind. Jearrier 5ynchromzatmn. :

mgmn

housmg .

pseudo-random ‘}da a:
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<
4. x 47 circuit boards which are powered by two 12 volt
'relc_haégnble batteries, all- of -which s enclosed in a stainless
steel housing. Figure 4.9. shows the transmitter without “the L
- stmnless steel housing. i B

The receiver ~consists. of - ‘a hydrophdne, a

e UL pr ifier, an 4j ﬁhet/ “and  a -der .

The Teceiver requiru an cu(slde power 'source of + 12v.

.. Both “the power umplfﬂer and the pmeumphﬁer

have been' des{gned by Amete Cllifornin. rThe ctrcujt

re.found. in ‘Appendix D..

tu‘gr‘ams {ot thas_a dmp_liﬂer ‘

E '.I.‘.‘Z.Z. Swept-Carr(er Modulutor anrd

i‘_}-e circnity "qf thie - swept

i ~ .
accepts. an input, signgl,r either nnnlog sor

he,terodynes ‘the _signal o7 a sveeping carrier frequency using.

amphtude modulnﬂon. This board nlso generales the rmp which

controls  the cnrder frequem:y. Figure - 4.)0 sl;ows the ~ Block
of the - sweptis \mé’dulmr bcnrd. The'clrcuitr

i

‘diagran ‘and tuning proce is found in @ . The ramp ¢

period, carrier l‘reguencx unge. carrier frequency posnion, And 3
the modulnion dep!h are idjusta e on this board." &
R
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Figure 4. 9 Prototype Transmitter showing Hydrophone,
Circuitry, Tape Recorder and Batteries
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swept-carrier system is the receiver. The receiver must
accurately demodulate the message signal from a sweeping
carrier. This signal may be distorted by non-linearities in the
amplifiers and transducers, frequency shifted by the Doppler
effect and distorted by multipath. The receiver must be able to
synchronize with the sweeping carrier on initial contact and
maintains synchronization through Doppler shifts and through
momentary losses of signal. The receiver circuity also inlcudes
the necessary circuitry to demodulate FSK and ASK data. A block
diagram of the receiver which the author has designed to
accomplish the task is illustrated in Figure 4.12. The circuit
diagram and tuing procedured are included in Appendix D.

The front end of the receiver uses a Rockland
442 Hilo filter/amplifier which filters the received signal from
the pre-amplifier to remove noise outside the swept-carrier
range. The automatic gain control then assures the input
maintains a constant signal level for the rest of the receiver.
The signal level of an underwater communication system can vary
quite substantially as a hydrophone moves through the standing
waves caused by the multipath. In addition to this effect,
however, the automatic gain control of a swept-carrier system
must account for the frequency dependent signal absortion and
the transducers transmitting and receiving frequency responses.
The automatic gain control must quickly respond to the
fluctuating signal level to maintain a constant input level for
the demodulator. The AGC used in this design features a fast

attack with a slow decay time constant of 200ms with a 40 dB



Bandpass’ "Bandpass
Filter X
-kHz

‘Figure 4. 12 Block Diagram’of

L9’




<5
5.

4

r'.nge ex{endxng “to )50kHz. - The decay. timé _canstant haq to be
h\creesed 1o 2s for ASK signal, “however, to~account Yot the
word Ag:“wn nme. Hh.ﬂe it may be des&uble _that ‘the AGC act

quickly,. should be realized. thA! ‘on 'AGC is a mulnpher and

the signnl and - cnnuquen!ly intrcdupzs

s a lower limit. on the response ‘tifie® of the

e o Rerir e
+ s By
der . to " track the curiet,' it is necessary

"ping urriet be heterodyned a. oonstnnt~'

. Thls h

by* multrplying by a
locn’t oscﬂlamr wm:h eeps at (hz snmz rate nnd over the- same

range a5 the swept c-rrler. The rresuency of the lccnl oscxllalnr

is given by the equnuon'

PRI ‘i;o“’ s feley s €4.15)
where: fw(t) = insununeous local. oscillator
. : s frequency‘in Hz!
- . +fp = intermediate frequency in H:

:Cm ="1mununaous Zarrier lmquency in m:
-

s : 3 There is a resrr tion _plaqm on_ the c.hoke dt fip

um,ch arises from lhn hch thnt the- multipller is no! perlest and




. ‘Multiplier

o
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A
a
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A = _) 4 x - N
! ext “appear: at. the
X .Voutpul.' _'-t;en one ‘of the -inputs contains. a harmonic, as will the
pvent L darter,. - adRitioREL - Frequshiics are. mmd;'me gk
- freguencie "!;nn a sweepin carrier f(t)-vith a sécond|
S XSRS sharmBhic, ‘béing : mul!iplied by a, 13¢al  oscillator’ 7 (Tﬂ‘ are @ >

* ‘catalogued: m Tn,ble 42 and: the separltien from n.= mqumd o d

fipls cn\:uhted dsing Eqn. 4:15. .~

’r £

ST Multiplier Output Frequencies - Separation from UF . ¢ : 25
i i e e S S ) S SRR
W g op L y 5 < ST
S i .28 : : B GO RN
N0 S e 2l

o mmee (dnli-red)-‘

m(tm )
i oteT-2E, ‘ic)
. tw(cmt ®;




iz . ) a0y . - it
depending on the choice of f1p+. The feedthrough of the carrier

local- oscillator may produce” an interfering frequency near the
intermediate - frequency. 1In  order : fo maintajn the maximam

- “separation, fio must be vcHnser_l such that:

S T (4:16)

'whe;‘e'z. —f = highest carx:ier frequency in Hz %

; range ol‘ :urier frequencies.,

The: n rmediate 1 is- dined using a

ot phas;“].oc'k loop vh‘ich' 'udj;lgls the Qvéep 5 r;t; of ’the ramp

contmlltng the local ou:ﬂhtor. 1t the signal is.: lost momemutily,

_.-and oons:quenlly the phn‘e lock loop loses  lock, the ramp rate

Kok - ’,control is* svm:hed 19 a defuult volng: vhlch mamtmns the
o 55 lm’p rate at, the expecud value. . Comrol ‘n_gnin g_etux;nad to’, >

1 \?,- £ ; e the yhuie Tock loop. vhen 11 egalris lock. < : y

Dl ,Since the' recewer doe.l not. have nny»n pﬂorx

second harmonic, second in the table, when ‘multiplied” by the '

been chosen at ISOkHz which shodld b: Adequute for a wide.

L = lwast carrier fraquency S H W
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i . ¥
. :
; AN s
Ut iess el 7 U should . the ot IF. phase ook loog lose Jlock
- mancntunly, the default valtage wﬂl mmntam the - sweep. or the. ~

locnl os llla(or _atthe éxpected rate. If, however, the’ lockvis

.1osg for - a .substantial ,pmad_or tlme,‘ say in ‘the order of one s

" isweep, 'a:slight .variation' in ' the sweep rate of the transmitter -

* land recéiver cduld ‘put’the local:oscillator:out of " sync:with’ the

s ‘again resto! ed.' Logic to: cover tms s

> e:n implemented.u As 5hotm 1n thuu

rangg, the Tocal osc\llatcr wﬂl he ,.

Iapp 1o track *the

in nm' the voha"ge

demoduluion of the lntermcdmte frcquency. The uutput of (he 7 EE

recovered:

Phase : 108K







“UART. This UART ukes in " the seml data vord -nd pmvkde_t a

pumel auq;ul.» o r_he:ks pnrl!y and’ indl:ates‘ ,panty-
can be uud to delel'lline the
probuinmy of “error for !h!‘system.

errors.

The: word :oum output

i ‘Since an- even numben nf bit' errors vm not.cause
TS e pu!lty error uuucmm but nny odd fumber wil

W 9gEr1ng + 2‘%";"‘“?!’; *,7‘7‘1’5 R
% B e

. For By

<< 1 the bit error probability rate-is: <25
é 3 7 - 3 . i
By okl | + % (4.18) “
S 3 5 x ¥ - (=
7 :
/

sducer sasuoni SR R

o . The lrlnsducer

Jeelected for the er

B b (8 :mn— model nemupnemn

v

ransducers. Since
“desi, nql xo trnnlml from :the ‘oceary” oor to, the snrhce. l’here u




%
Y, thereby sou !he‘ »

: mulﬂpath using . the. transdy ai
tequired sveep rate by inc:easmg the " time between - the direct 2

patlr, and ‘the mumpath (Eqni--4.1). These xrnnsducers. when 2

nttached to' the housing hnve a bu.k_w:eiving response of-16 dB

the !orvntd response. ¥

"The trwducers have a 10 dB operaﬁng range 2l

cmlel‘ me

fdund to be tao

5 }
3 ‘l‘he pmm!ype trnnsmitter ‘s encasgd [in-a :u-pped

teel, 6" d(nmeter schedule’ 4 pipe. wmch contains. the -
nnnched

hattedes. tupﬁ reccrdar and cm:uity. 'l'he trlnsducer

sutside. ‘the Jmustng. The' zunsumer is lulpended dnat mpod

K 'l‘hu gmbul _ensures that‘ the t.tanine

o lgund on a ‘gim

oceln ﬂcor slope.

& p’oin,ts" _‘iwayg independgn!
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Figure 4.15 Transmitter Mounted in Tripod
on Gimbal



Figure 4. 16

Receiving System, Hydrophone, Cable
and Onboard Circuitry

LL



‘’Has' ‘been’: tested. in .




79

dn-3928 3891 Axo3exoqeT

" W A — o w— v

LTy @anbta

iAI"FAu;‘F y AT




m

i

TTRTTEn
TrTE

I

Tg;u

=30

=100

-200

=300
-400
=500

(*bap) sseyd

=600

10

FREQUENCY

of Swept Carrier Message

Fr

4.18

Y




"ﬂsignns W an ud)nslahle phase,shm belveen the

'cnrnets was‘ modulnted by a 1000Hz sine qug

modilated by a 1400" Hz ‘sine ‘wave. The medummn imxex

‘Figure @1.9. The mullipath s:mulntor generates

cscillutors is¥” & swept :atri_:r_ vhich

is _cupubl: of .bexpg ;

pli ude modumed.

A ‘rg i To test  the mulﬂpath su.ppression. ;:né' of the

nd: E}\e other was

each cartier was 50%‘ The carriers were swept over a 20 k‘Hz (n_

'AO k)lz range on & 500 ms cycle. The. carrier Amphtudbs were

‘equal and the 4suppresu(nn was; measured as the ratio of the 1-1.00_

Hz- and 1000 .Hz s(gnnls at_the rece(ver oulput. The phase shl t

5 'v— '.‘J - =¥
suppression “obtained versus the sepgration between the ramp °

between the 'rnmps was then to det the

sweeps: The results of this test are tabulated in Table 4.3. .+ i

)
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These " results clearly _showt ‘that the . multipath ® *

 suppyession . is g‘reamsz“in the 160 phuse shift - region. '‘This:

suppression drops as the ultlpAth channel | carrier firequ‘e‘noy
approaches - “that of 'the dir} et “path As the: bundwxdths ‘of - the

direct and mu‘lupath charmels bggin to overlap, of course,.the

supppresslon drops tc 0dB.

cupnble

These tests mdu:ate "that the protolype




4.3.2. Sea_ Trials : ; § S
=3 % _The system prototype ‘has beers-iried iih & seried
“of 'vertical propagition ‘tests through <100 B of water in .
- . Conception - Bay. . The. Ztiats~ awire s Henigied T 1] - coppdie.- fhe Cova
PerTorianch of /& siipt - cAbrier:-Systm. 10 that of a conventional . :

. amplitude m/odulnted constant, .carrier. These tests involved:/an

- evaluation of/ the multipath, condition; = a - comparison; of - the *

“of a swept carrier and a r.ons!ant to

trangmission  using.. a swept carrier dnda

amplitude fluctuation

i comparison " of void

«constant carrier using a Modmed Rhyme Test' and ‘a com ‘mm

L cof. ‘data trnnsmlnslon cupub'\ty using ASK{and two tonie” AM (FsK

on AN The - same syuem was used. for both’ the swep carrier

und the constant carrizr since " a convem(ennl-sysl:mrcm.\ld be
tested 5imply by stopplng me swesp function _in the transmittes

.and receiver, and tunig . Both - th - thie"-desired h'equency. .'rhi
exiiter, frequency used in- nns case ‘was 35.kHz.: The modulamm‘
2R index_used ‘in both cases was 50%. The test—scenario is depicted

in’ Figure 4.20. PR A :
£ " Tq :obtain 2. messagt bandwidth sf 2 kHz; ‘the
mininun'. carrier 'freqnen:}\ used was 20, kMHz. The maximum
LR e earrier “frequency ... wa -limited - by "the _transducer- frequency

response o LO kHz.' smce the surfuc: reﬂecud mulnpnm wus to

be ated by the trarisducer direc , the. nm
e b suppressed by the swept carrier occurs uftet a sutfnce nnd

a. bnuom reflection. This multlpnh vﬂl hlve trnvel\ed lhxcugh a




‘,,Pigu‘x’:e 4.20 SeaAg‘tiq;"i“esjt;';5cena§i_o >




es a bette muli 1pat

15y
|'and: thlrd
b

no‘se ratm.

Thxs

4B re l'u Pg. i Assuming

absorbtion coefficient ‘o

"L calculated to be




-’tnns}mit_(’ed. 7 '_" S 3

7a conventlonal AN sy em- shwe'

“rin = 20 log. mo' % .«od,a.;; 100 + 41 4B . 5 Y

gk \lsmg *the transducer  response . -Curves, the

requ)red voltage: for (hg trunsducer was found to'ber T -l el ;

ot N l.zn+41 - 130 ; v
g 0 = T ngi’ or 109 v

eriés of pulses sepnrated by

pulse. is’ received dumxy’ fron :the depth; sounder,

'auemmted by the bu[q receivmg resp_nse of, “the hydrophone.»

The su:ond pulse ha5 undergone one bottom reflection and- shows

. some-_ pulse elongn icn due to the werlappmg 'surface. r!ﬂecnon, g

se  -represents one’ surface - and’  two - bottd ey
/The . sequence then = repedts as ~a  new pulse ’:\ i .

The tesls for data trnnsmission :apabllny usmg -

»um the mulﬂpath “aid Jindeed ot

1

degrade the transmzssion ‘severly. ‘w\fh a signnl’ to' nmb(ent neise

3 tntio af 3 d.n.\und a: bit rate of 500 blts/sec, the error rate Ior

Asx wn§ found fo be only 0.63 whilé. the- rsx on AM. vas only A

sughtly lcwer at. 0 . Voice transmission ° uslng AM ‘over lhe 100

m vas Toind- to be ]ust barely 1n(e1hglhle. This" poor quality ‘of

that the in inate nature qf—multil)ath

interference: | severely * limits the reliability of  conveéntional
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o commumcaation ‘techmques in the ocean envu.-onment.'
. frin ) The swepe car(ler systen did nat perform as well -
< as expected The er‘;or rﬁtes fot bath ASK and FSK on ~AM -‘was
L -‘ '.found to. be: about Qs .6 and the Volce mullig‘bllny was found 1o

Sy ‘ms pwr quallty mmsymssmn was determned to be due o the

frequem:y regponse of 'the qransducers. ok 4

the

evxdent that»

S'mce the .AGC must pruvuie ‘a constanf input

tc‘ the recelvef,‘ ffechvely mumplymg b7 the

exgroca! of the amphtude ﬂuctuatlon.

'Founer‘ agaly‘ep i d_xc s tha( .fpr -tvhe— consstant .. tone the

% frequency ccmponents : of" th’e reclprocal of . the amplitude ;

1ucmmon are’ below 1Hz as shown “in Figute ba24: The s}:ectrum

of the” AGC mu\npler for the  swept: camer, ‘however, from Figure

has Irequency cemponengs up».w;:lUHz' ‘with the “sweep

'r' 2 B2 and ‘harmonics

ultiplication’ in the Firie dcmam represents a :onvolunon in! the'.

“This d\s;omcm due ‘to the amphtude fluctuation

< be shghtly worse than f6t the{ canvennonal AM. The reason, for

4.23 co}npa'ré the|

bemg promment . Singe ™

doma\n, the AGC mttoduces a "10HZ™ frequency smear

Spectral’ analysis using a4

ransducer respense can_be ' eitninated by using




s 1872

e

-Figure * 4, 22 An}phtude E‘luctuation of constant

35 Jﬁ.ﬂz tone due to’ Mlllt).path
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transducers which have & much f‘latter respnnse. Alternatwely,
filters ‘may be’ mr.orperated at the h'ansmxtter and receiver whmh :

L will for the 3 n Snses of the

“over the sweep " range ‘to. give | a ﬂat acoustic frequency: response: |

Unless the'A effect of the transmitter freguency response . is

accounted for, _the swept carrier’ sys(em is_limited ‘o’ gise tin
situations | which requir; slow sweep rates, In- these cases, the

'frequency smear caused by ithe- AGC, will be small.




s

successful. The prototype did not h_mcnon properly due to the
% X : 3 s <

CHAPTER V

CONCLUSIONS
h)hns “been shown that considerable improvement

in” the signal to noise’ ratio of ‘an underwater ‘communication

system  may  be d  through ip
result of fthis " improvement, the reliabllity of ‘the system is
lnére;sed a-nd higher data ;-ams' méy .i:e obtained for-a .griven‘
pr&bibuny of error.’ The required ;ultipath suppression may e
realized thruugh lnnavanvé‘/modulanon techniques, such as using
a sw_egpmg carrier, . ot ;

4 . Laboratory tests of a -swept carrfer p_mot)ipg

have ihlicated that such a system can ertec:iggly suppress the

‘multipath. - interference  inherent in., an undervnter acoustic

channel.” Sea- trials,” using the pmmype ‘system were not entirely

"peaky" nature (I the tr i onse . “Since ‘a

swept carrier = system must be bz;oadbﬁnd. transducers”_which

As a

-

exhibit - a ﬂat fuquency response must be used to ‘provide. an 4

acoustic signal. -of constant amphlude. memmve1y. filters may

be designed which will m the. transducer respc e and

thereby ax‘ufically pmduce a flat response. Unless the. frequency.

‘fesponse. is " flat, the. symm 15 restrictéd " fo'a very slov. sweep‘

which nlay be_ compensated by: an AGC with a “slow. response.' The
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APPENDIX A

A wvave propagatmg (hrough the ‘ocean is’ sub]ected to"]

- : ok 5 N 3
a_ "frequency-dep attefuation’ * due Yo absorpuon. {The

amplitude response. for -any range can be calculated based-on’ the”

nbsorpuon coefhclent asii. . £

| i : T L
H(f) = T i
: 4100+ £° .. ¢

w-a’mplitude{'rasiwonse‘ of “the

i dcean traﬁsfér fun‘cti‘bﬁ ‘in aB i % 5
: &' = path travel'distance in m
¢ 3 f = frequency ih kHz &

e 3 5 S
Since. ' the speed.of saund in - water. is constant. to

within 1% 16 I, the 'travel times for_ a1, fréquencies is: nearly
_consgant.

have ‘a linear ‘phase :characteristic:

R (E)
where: ¢ .(f) = the ocean transfer .funct:Lcn
: ‘phase response I TR

travel t:une along d;stance d in s

-21rfft i S L Ae2)

Thé ‘ocean's transfer  function- therefore is as§um_ed"to o




LAt so% “of the peak’ valug)

time ‘smear’ due"tS the’'my

. Knowing , the.»amph(ude and - phase responses, the

mvetse Fauner transform pmduces the’ impulse response, for the

ocean ‘at’a H1stauce a

“The: ocean transfer functwn “can_ be modelled as in

Figute All, by alfilter Having: the amphtude responsé equ‘al o

lH(f) Ja'in smes wuh an all-pass fﬂter With ‘e Fimé del‘ay of td.
"The. t ansfer function wlth a lms delay has: been programmed o0

t‘he Fourier Analyser to perform the inverse Fourler transform._

Th:s show that.-

1mpu15e response of the ocean .ls a pulse ‘with '

a Tange—depende Flgures A(‘ 2 ab.c show the t\me

spread assoc:ate ranges, cf 500m._ OOm and SODOm
respecnvely. These ftgures show “‘that - the’ time. spread (measured 3

caused by 'the ocean s amplitugle

response ranges from 25 ps for SOOm to 60 1i's ior SOUOm. ‘

Tms effect.

however. . 1s vet 4
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Ray ‘Trace Progtam Listing

19: pen
20: plt 0 0.p1t
1,0;plt 1,-1;

pen

22: plt 1.04,0;

plt 1.44,0;plt
4

29T

£ s meaar
12 plt Lisl:
34 gsb Lt g
35: plt 0,-L
pen

cap(aS[1,11)#"N
i gl

Ti2iecl :
13: aim C[1:50],
D[1:50] ,Z[1:F+

plt.0,-1;plt 0=

)

65+ next 1

83: csiz 1,1,1,0"

91. 0+r3 01

o (Dmmunm -
)/(cm+1]—cm)

9 "sta": I+1-»1,
“if DFHLigto
105

. 95: if r3>max (D[

*]);.016+1;

G (I VII-11+
0*.016+V[I];
I3Z[I);r34r0-13




3=D[N];
DNI*Z[I] iCINI+
VII];X3r0+x3;
1/r1-GII] N+
1N; gto “sta”
98: if r3=0;if
3#DN];CIN]-
DN]/21+V[I] i

T3+Z [1); l/rl-tG[ &

L1y r3+20¢23 H
gto "

if r3>D[N] i

Uif P30 N]

(DINHL]-DINT)/

- (CIN]-CIN]) o,

1;NHLN <
100: if r3>D[N];

" if r3-r0DIN];

* CIN]- (DIN]-x3)/.
VL] P ZII)
sr3H+reerd

101: if r3>D[N];:
if r3-r0DIN];

(VIZl-viI-11) /=
0+G[1]; :

102: - if r3<p [NJ,'

(D[N]-DIN-11)/

(€IN]—CIN-1])+x -

* 103: if om;

CIN]- (DIN]-x3)/
T1>V[I);23+2 [1]

- 19W
“106: “start": if
GP(ASD. 11)="Y
'NEW ANGL

~E)90 wstop,

E;E+D+E
£ 107: 048/E-D+E;

TBoR; 041 09K;
151 0-U;0+x4

°*t5 ipeniplt, 0,
‘msx if p90;
"end"
109: if P<B;gto -
Thepd® - ;

110
110: if y=2[1];
if PO;¥Kigto

111: if Y=Z[H; ]
if P20;¥5K;gw

112: if y=Z[1];
if P=0;Y-K;gto
122

113: if 2[I]3Y;
if P20 (¥-2[1-
1))/abs (tan(p))
+8;iplt abs(s)/
H, (¥-2[1-11) /X

114: if Z[I]5Y;

if p>0;v/(st2+

« (¥=2[1-1])42)x -

4;x5+rd/VII-
1]+15;2 [I—-l] +K;

. r4HoL
1153 -if 2{1] >Y;

E PO

1: iKz(Iy
if [T

¥) /2 (tan(P!)"

CA17; ifZLIDYG

if P0;¥/(st2+

(‘l-z[I]MZ)-»rA, W

Z[I]K;x5+rd/
VII-1]»r5;2[1]+

K
118: if Z[I]>Y;
if P<O;rdioL;
gto "neg"
119: if 2[1]>Y;
if P=0;¥>K;gto
122 o,

- 124: if I=2;gt0 -
oy e T e
125: ags(cos(@)*

VI-INITR

v (312+1062)*14.

T4+1oL; K-r0+K;

15+r4 /V[I-1]1+x5
128: if S—h7>H

iplt (BS)/H,) s

(6-5) tan (P) /X;
PoAW]

129: if SKPH;
V((H=8) 42+ ( (H~

+ ' 8)tan (P))42)~r4

136: if ToFjgto
"bot™

137: acS (cos (B)V°
lI]/V[l' 1] )(*Q

(P-O)/Z))*J,

-.v}t SHI<=H;

./ (J42+2042)+r4;
X4HIPL K 0K;
xsm/vmu»rs

, if SHDH;
1P1t (H-8) /1, (=

 S)tan(P))+2+r4”

FTAHIT W] ;K¢ .
(H-5) abs (tan (B)
1MW)



¥

»

142: if SHH;
S+r4/V[I+1]-U[
W) ;WH1W;gto
"start"

143: S+5

IM: iplt J/ﬂ,-

145 if P<0 I+

©149: if s+a>u; :

VII-1]>U[W];
KrM[W]

1503 if SKHW
1>W;gto "start" .
151: SHPS :

152z =p+P

153: iplt J/H2;
r0/X2;iplt J/
HZ,-xO/XZ
154: gto "neg’
155: - "bendn" : 2V[
I]/abs (G[I+1]*
ats(‘zn(l’))-h’

158: if SH>H;W
1W;gto "start"
15957 8+1S

160%. ~p+2

17,7161 ‘iplt-J/H2y~
‘. !‘O/XZ;iplt 3/
e 5

"7 1628 gto "pos

163: "surf":acs(.
VII-1]/v[I]*
s (P))=Q

* 1641 x0/tan ()3

165: S+20<=H;

2/(3424r082)5r4

SISHOANII-1]r
5;r4+sL

166:

167: if ShOH; ©
iplt(b-S)/H,
(H-S) tan (Q) /X;
7 ((E-S) 12+ (-
S)tan(p))$23rd

168z if SH>HK-

© v {B-S) tan (Q)M[W]

169: if SKI>H;
T4+I57T [W] ; PAW
1;x5+rd/VII-

L ual on;

<1307 it s+za>1-x,

S)/H,ran(w(ﬂ- :
AR b

V(T 24x042) +

o ((B-8)42+ (tan(
P)-(H-S))42)~+xd;
T4+ITIH) -

" 1721 if S5

(H-S)m(o)»nlvﬂ
173: if StH;

90-P+A[W] ;T5+

x4 N[I-11-0W] ;

., WHW;gto "star
S

174: s+2Fs
175: iplt J/H,

x0, “
176+ iplt J/H,
—20/X s

177: gto "neg"
178 "bot":acs (¢ ;
gs(P)"V[I]/V[I—

1)+Q
179: r0/abs (tan(:
Ty

180: if Sk2g<=H;

2/ (34 2+2012) x4

ST /VIITS;
. T4HsL

18L: Q»P

H+5) tan (Q) /X;

Y (B-5)4 2% ( (-5
S) tan(P))42)+r4
183: if SHI>H;K+
(E-s)tan(@)H
184: if SHPH;
r4+ISTW] ;PSR W
13 5S+Td/NT1UL
W] WL gt
"start"

185: if 9Djv

42+(H-8) $2+x4;

T4+1T| .
187: if SHISH;X-
: ](H—s)mngp)»mw

* 138: if S+ISH;

90-B+A[W] ;r5+
rWIIlme m

“150: 1.91(: 3/8,-
x0/X
191. me /4,

'192"1&"?5"

193: "end":dsp
- "RAY TRACE COMP

LETE";pen
194: plt 1.04,
195: 11 “Cnin

" Cmax"
196: cplt -15,-2
197: 1bl min(V[*

L7 max (VI*T)

198 plt 1 04,

_199 1b1 0,04
- 100,08";pen *
+200: for I=l to
FHl . ;



2t 2?*!))(‘/’[(rfnla;c"(‘flxl""v = ’/- - : 3
Downre 3 A SN
2008 -min : i AR
204)) /X (@ l® G i
CDminGr) Rra _ i

3 203 plt 26,27

.208 (C[I]-mi.n(V 7 ¥ v
[*¥1))/ (max (V[* . .
1) -min(V[A]))*
-+A+1.04°16
209!-(D[I]-m.n(” iy TR Tl Sl
)/ e(alr i !
~ l)ﬂnin(zl"l))*r BRRE,

zm if TRl \




413 iy ‘ ; a

TS i
‘ eSeiii
" Input ‘p@aram'eﬁters',
W ke i velocity profile |+ i oY
. | horizontal distance | ST RS
depth, beam pattern, . o ‘
! : so{xfce, depth
N . linearly interpolate -
] velocity profile
i x plot’ and label. s %
3 < ocean diagra:ﬁ- e e
R o e e
_start plot at, ] AT L F
e : e (! Ezjansmitter 2
f Plot “|print ..
Sk — vélocity t— ina ion)
profile arrays® oy
surface |3
i reflection
calculation
~|bottom
Jreflection
calculation| ¥



calculate ray
bend using

Y Snell's law

plot ray

increment.
=

stére
terminating: .

angle, - time.

calculate.

distance &'

" |aistance, aepth)







::»z [T);x3+0or

51 if rsnnax(DI

: 1IN £
(DIN+1]-DIN].
g )/](.CDHJ.]-C[’NJ)
ek :

DIN1/xI»V[I];: .
£3+211];1/x156]
1] ;r3+r0+x3;

gto .
54: if r3>D ml:
(DINH]-DIN])/

(CINHL]-CIN])»r’
LN+

55: if rRN;
if r}xﬂ:hg]:
C[N]-(DIN]-k3)/

. rlaV[Il;x3+2(1]
* 3403

i <
561 if rHDIN;
if r3-r0<DIN];
(V[I]-V[I—-l] )/
I)jgto

; _157. 2t oy
~.» (DIN]-DIN-1])/:

(ClN]—CN—l] Pr

SB. if r!(D[N];

C[N1-(D[N]-x3)/

rl>V[1);x3+2Z[1]
r3;1/

PHDHE; 1-vw
*62: if DO; 0»0['1‘

18]
63: Mstart":0+5;

. E-D+E;BP; 0+L;
K BT 0005

0+r4;0+5; pen;
pu: 0,-¥/%
ckp "ANGLE",
E
65: if P<Bigto
‘'end"
if ¥=2[I];

e
ULE P<O;¥K;gto
67: if ¥=3[T];

if P>0;¥K;gto
"pos” 223




- 68: uv—zm,
xf P=0;¥K;gto -

_69 iE [Ty

(il

if P>0; (Y-2[I-
‘+S;iplt abs (8)/

ToH, (Y—Z[I—l] /X

(¥-2(1-1]42)+r
4; x5+rd /NI~
1]+x5;2[I-1]°K
71z if 2[I15Y;
AAf P0;I-1-T;

: :Mlnl.'qto "pos.

723 if 2[1] >Y;

z[1])/;
73: Af 2[I1>Y;
if P<O;/(St2+

S (¥=2[1])42)-x4; -

Z[I]Kir5+xd/

\ VII-1]r5; 201>

K
74: if B[I]>Y;

© i P<O;TA+InL;

gto
75: if Z[I1>Y;

if B0 Kigto

76 I+].+I
772 1f I<qwl. X

gto 6
“78: P+ 0000001'9

v[x-u/V[n'
ws(l’):=l:91n

80: if I=2;gto
"surf! d

Q) /2’

83: if ShI<=H;

© V(424104 2) 314

TAHLALK-T0K;
I5+T4/N[I-1}+15

o

84:'if SHDE; 1uz i¥ B0; gtn
iplt (H-S)/H,

(&-S)hm(l’)/xy 10 'benaa' 2V{~

. I-1] /abs (G[I~-

35 if s L 1)*an(P)T
CYUES 2= L 104 iE SHIH;
S)tan(P) 42ord” WL;:W/V[I—

FT4HAT W] 1rs
86: if SHDHK-. 205: 1E Sk
(H-S) tan (2)+M| s

1544 /N[

11-0[W] ;WD

"start”

.. 87: ShPS
- 88: iplt J/H,x0/"
X

89: if P>0;I=
1+Tigto "pos”

'.190 if P=0jgto0, i

l: ihag AT
VI NIT-1]* "

- cos(p)>SLigto

5: i <=ty -
V (J2+2042)414;
TG R
- ESird/VIIHrS

961 if SHDH;"
iplt (H-S)/H, (-
H#5)abs (tan(P)
/X,P‘MWJ

if SHPH;
/ ((H-5) 42+ (-
S)tan(P) )42)>x4
;4T W] K+

(H—S)ﬂbs(tan(l’ s
T )M
98: if S*\PH,I5+

TAN[I+L]+UW] 7
wrlw,gm star ¢

1oo iplt I/~
x0/Xy

- 101: if P<0;I+
"neg"

l->1 gto

vxr]»uwn ;x*mw 3

o1 if S\‘\DH o
¥ gto Mstart”
\ 115: ShPs
116:" PP -~
117¢ iplt J/H2,-
IO/ﬂ.lplt -
'909"
VlI—l]/VII]'
-icos(R))Q -
120 x0/tan (Q)>J
121: if St20<=H;
2/(342+x042) x4
;1544 /VII-1]>x -
~5;r4+LoL
122: ~QPRjiE v
DO;rl4+Q[T,
.- 8iQlT, 8]




‘s /((H—S)f2+((ﬂ-.

" 5)tan(P))+2+r4

14: if SHSHK- -
I Emia)H-

s)/a.tan(r)‘(n v

.s)

; ./(J12+zm2)+
V( (H=5) 42+ (tan (
B(H‘S)«HZ)-PI
AL T S

128; if SHP>H;

(5) aniQ)-uly

7129: if SKDH;

- 90-P>A[W] x5+ ©
1'4/V[I-LMJ(W1.
WW;gto "star
£

L 130: S42Ps
131: iplt J/H,
/K -
132:,1911: J/ﬂ,-.
133

gto
134: "bot":acs (c
os(P)*V(T1 V[T~

L

1362 :|.f S¥20<=H; .
k 2/(31‘24'!002)":4
.16+r4/V[I]-'r51
B e
137: Q»p,;f ™0;
;%SOQ[T /81-Q[T,

iph: (B-5)7H,; (=
HiS) tan(Q) /X;

1)Q
135: x0/abs (tan(
Q)7

" 139 i€ kDK

](H—S)tan @)-Mw

eyt

W] ;WRlsW;gto
ol ey

- Shsiiplt (-
S) /H, (B-S) tan(Q

1/x
142: if SHDH;
V/(TA242042)+
/(((E-s)tan(?))
12+ (ES)42)rt;
TAHATIH]
AE SHIHX-

U148 A SHISH;
90-P*A[W] ; X5+

LoW;gto “start!
ke
146 iplt Jm,
X0/X.
147:-iple 5/
X0/X

143:
](H—S)W\(P)*MM 3

4 /N L]0 W

it

161: : :

I=1 to (£9-B)/D

162: if M[TI<G; o

if M[TH]>G; ‘
. S

9o y
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