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10 Field of the Invention

The invention relates to underwater cable assemblies and, more particularly, to

apparatuses for powering and communicating with and powering electrical devices, such
as sensors and cable-control devices, deployed at spaced locations along an instrumented
underwater cable, such as a towed seismic streamer cable used in offshore seismic

15 prospecting or other applications.

Background of the Invention
Towed seismic streamer cable assemblies typically include a plurality of spaced

electrical devices selectively disposed therealong. Where the electrical devices are
connected around an exterior of the towed seismic streamer cable, they are commonly

20 referred to as wet units. In many applications, the wet units are inductively coupled to
data communication lines within the seismic streamer.

One or more of the seismic streamer cable assemblies may be towed by a survey
vessel. The wet units communicate with dry-end electronics disposed, for example, on the
survey vessel via one or more communication channels. Communication channels

25 Dbetween the wet units and dry-end electronics conventionally include either a single-ended
or twisted-pair data communication line inductively coupled to the wet units.
Electromagnetic coupling may be utilized to allow communication with the wet units
without breaching the exterior sheath of the towed seismic streamer cable.

Conventionally, each of the wet units receives operational power from a battery
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which transmts both power and data signals along a one- or two-wire
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little SUCCESRKe 10w coupling coefficient between the wet units and the underwater cable. Although
15 numercus attempts have been made to improve this coupling coefficient, these attempts
have been less than satisfactory.

U.S. Patent No. 4,912,684 to John T. Fowler describes a communication system
which transmits both power and data signals along a one- or two-wire transmission line
running the length of the underwater cable. The power signals may be used to charge

20 batteries in wet units such as cable-leveling birds attached along the cable. The power and
data signals are inductively coupled between the transmission line and the wet units by
means of coils connected to the transmission line at specific locations along the streamer
and associated coils disposed within each bird. However, due to a number of technical
difficulties, a seismic streamer cable assembly which transfers operational power from the

25 underwater cable directly to the wet units or to the wet units and in-streamer devices has
not yet proven commercially practical. _

For example, conventional transmission lines are typically configured as continuous,
unbroken transmission lines running the length of the streamer cable which has
traditionally been about 6 km or less. Transmission line losses in transmission lines of

30 underwater streamer cables having a length longer than 6 km exacerbate the problems
associated with powering the spaced electrical devices directly from the underwater
streamer cable. Furthermore, data and/or power transmitted to electrical devices at the aft
end of an underwater streamer cable are often severely attenuated. This problem may be
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One approach is to resort to heavy gauge wire and increase the power |evel
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addi ti onal weight nmay be added to the underwater cable and because hi gher
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coupl e power fromthe main power 25 Iline may be commercially inpractical
in many appli RS- Anot her shortcoming of conventional streaner power

di stribution and/giotéaEiforeing bf ¢ahveRtioral povai¥Ristibatibe akd?br ditd Ldnhnfumiéadigh €S
due to the | eakage of seawater into one or nore of the sections of the
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transmission line. In a continuous-wiré transm ssion |ine running the

length of t h&ouringrafpower andsiata torardromm Berelecirical devicasy I aneelgstrical davice fails:
transm ssjn gl \6r, Wi "dilePRise damaged or removed from the underwater cable, the associated

coil on the transmission line may have an open secondary, detuning the tuned circuit.
Often, the transmission line may be detuned to the point where reliable data and power
transfer is compromised.

In typical underwater sonar cables, it is difficult to transfer power along the cable at

20 a high frequency due to the length of the cable, amount of power required to be
distributed, and the noise generated by such a transfer. Accordingly, power is typically
transferred along the entire length of the cable at a low frequency. However, low
frequency signals are extremely inefficient when coupled across a transformer having a
low coupling coefficient. Thus, configurations which couple power from the main power

25 line may be commercially impractical in many applications.

Another shortcoming of conventional streamer power distribution and/or data
communication systems may be reliability problems due to the leakage of seawater into
one or more of the sections of the streamer cable. As seawater leaks into a section of the
underwater streamer cable, a low-impedance path or short circuit may be formed across

30 the transmission line. In a continuous-wire transmission line running the length of the
underwater cable, the short circuit may disable the entire transmission line. When the
transmission line is disabled, sensor data cannot be collected, the electrical devices cannot
be powered from the underwater cable, and depth control from the survey vessel may be
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transm ssion line is disabled, sensor data cannot be collected, the

el ectrical devices cannot be powered fromthe underwater cable, and depth
control fromthe survey vessel may be 3 WO 97/ 11394

PCT/ US96/ 15128 precl uded. Thus, there is a need for an underwater cable
power distri bygiegiagdd/ or data communi cation systemthat oyLpREESsJshese
and ot her problens and enables highly efficient and reliable transm ssion
of power and glﬁélﬁd&et ween the underwater cable and the 5 .electrical
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reliability of the seism c streanmer cable assenbly even when the cable is
damaged and/or, el ectr, ca| deyi ces are renoved. Additional objects of

vari ous aspec i nvention include providing an 15

underwat er cable gty BY Gbjeh b the PReaétlt Sfvehtich i te Proviie al potke HisRIMRAGH Aritifet

power to the el ectrical devices wthout breaching the outer sheath of the
under wat er cafte COmMPRIEHION; sygety ahicky previdesantefrgans and seliable power distribution and
operational  pggecofitunicffort sftehi 'f&akuﬁg@megcg&v&%' &fta 1 al DiEratifI6f SRERTcal
cabl e; elimnating and/or reducing t need to change batteries; providing
bett er ecdRonfleviges edisposedglong am yadenwater cablpl o Thespowsrydistaibution, apd/py datrpr e

hour's communication system may also provide an improved structure and/or operation which

enhances the reliability of the seismic streamer cable assembly even when the cable is
damaged and/or electrical devices are removed. _

Additional objects of various aspects of the present invention include providing an

15 underwater cable structure which enables the transferring of operational power to the

electrical devices without breaching the outer sheath of the underwater cable; eliminating

batteries as the primary source of operational power for the electrical devices coupled to

the underwater cable; eliminating and/or reducing the need to change batteries; providing

better economy by enabling an umierwater cable assembly to survey for more hours

20 without interruptions; extending the operational length of underwater cables by 5, 10, 15,

20 km or more without altering the basic structure and/or operation of the underwater

cable power distribution and/or data communication system; increasing the bandwidth of

data transmitted to and received from the electrical devices; minimizing the weight of

wires (e.g., copper wires) in the underwater cable; reducing the weight, size, and number

25 of inductive cores used along the underwater cable; allowing brittle cores to be used in

inductors along the underwater cable; increasing the power transfer efficiency from a

main power supply to the electrical devices disposed along the underwater cable; reducing

noise generated by the power transfer which may interfere with the seismic equipment;

reducing capacitive coupling and mutual inductance between the electrical devices and

30 other parts of the underwater cable; improving the coupling coefficient of a transformer

disposed about the outer sheath of the underwater cable; providing a fault tolerant power

distribution and data communication system in an underwater cable assembly; reducing the
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20 wthout interruptions; extending the operational |ength of underwater
cahles by 5 10 15 20 kmor nore wthout altering the basic structure
and/ or operation of the underwater cable power distribution and/or data
comuni cati on system increasing the bandwi dth of data transmtted to and
received fromthe electrical devices; mnimzing the weight _of wres (e.g.,
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of the under . : idi . r ' i buti on and
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WO 97/ 11394 Accordingly, the present invention provides an underwater power didFIHUtIGN Systeémi 28
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with the electricgal, devices; allowing the_electrica vices.tQ respon
direct |y 19 qoiuEgR faey 3nd A Ar PSR BOWFT disstibuters azk plse fispased in e wipkFvalRy
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nost critical electrical device ogperations to be maintained even_ durin

fault conditi @hthe ROwsr distrihution (lines 1o Seansfer ipaven £1oBY, ths, ANy eWer, ling de rtheit er
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plurality of electrical devices disposed al ong L
locations along the underwater cable. Each power distribution line is coupled to one or

15 more power couplers proximate to one of the electrical devices for coupling power to the
proximate device.

In underwater systems embodying this aspect of the invention, power may be
transmitted along the main line and then distributed to the electrical devices by the power
distribution lines. Each power distribution line distributes power directly to a small

20 subgroup of the electrical devices. This arrangement is particularly advantageous. It
allows both power transmission along the main line and power distribution along the
distribution lines to be independently optimized regardless of the length of the underwater
cable assembly, resulting in a highly reliable and efficient underwater power distribution
system. Systems embodying this aspect of the invention are so reliable and so efficient

25 that batteries may either be eliminated entirely from the electrical devices or used only
rarely in a fail safe capacity. Thus, this aspect of the invention virtually eliminates the
economic loss associated with retrieving an underwater cable and replacing or recharging
the batteries in the electrical devices and greatly extends the operational life of an
underwater cable assembly.

30 In addition, this arrangement of a main power line and several power distribution
lines allows segmentation of the underwater cable assembly. For example, each power
distribution line and the subgroup of electrical devices coupled to that power distribution
line may define a different segment of the underwater cable assembly. This arrangement
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the cable. A main power |ine extends through the underwater cable. Two or
nore power 10 distribution lines and two or nore power distributors are
al so di sposed in the underwater cable. Each power distributor is
electrically coupl ed between the main power |ine and one of the power
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efficient un yat er power distribution system Systens enbodying this

aspect of the invention are so reliable and so efficient 25 that batteries
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virtually elimna e economc | 0Ss assocl at retrieving an
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arrangement 51eést one power distribution line extending through each cable segment. Each streamer
electronics module includes a circuit for coupling electric power from the main power line
to an adjacent power distribution line. Two or more power couplers are disposed at
selected locations along the underwater cable. Each power distribution line is coupled to

20 one or more power couplers and each power coupler is positioned proximate to at least
one of the electrical devices to couple power to the proximate device.

Systems embodying this aspect 6f the invention may be similar to, and have many of
the same advantages as, the previously described underwater power distribution system.
However, in systems embodying this aspect of the invention, the underwater cable

25 comprises alternately arranged streamer electronics modules and cable segments, and at
least one power distribution line branches from the main power line at a streamer
electronics module. This arrangement allows much of the circuitry, including power
supplies, data circuits, and circuit cards to be consolidated with existing circuitry in the
streamer electronics modules and, therefore, significantly reduces the weight and

30 complexity added to the underwater cable assembly to effect power transfer to the power
distribution lines.

The invention provides a method for distributing power underwater to one or more
electrical devices disposed along an underwater cable. The method comprises transmitting
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WD 97/ 11394 PCT/ US96/ 15128
further enhances the reliability of .an undervwater.cable assenbly because it
provides a highly fault-tol erant system Each segnent may be provided with
fault protective features that isolate a fault, such as seawater intrusion
or loss of an_electrical device, in that segnment but preserve power
transfer and ¥R Bfuni cations to the remaining segnents BETA64§128
underwat er cable assenbly. Further, segnentation of the underwater cable
assenbl y al | opgwertas adimsi ée‘ﬂs%rﬂﬂ mal pawveg diae jof thecyngenwares gable.nganyenting fiedi ng

addi tional se t S el IIJ‘RX‘-T | N | LN

addi ti onal pogﬁé}ﬁ‘sﬁflﬁ:ﬂ on %ﬁ@ﬁ%&ﬁﬁ?&ﬁdyf Bﬁﬂﬁf‘g‘%‘* %Pgi\yiﬁg%gﬁ%&, éhd
under wat er podistribuiing the ipowemnat theysstend fregmensy wartwo @r hibre powertdistobitioddines tos .
The underwat e | L DUk [ d [ r I

I ncl udi ng tmﬁgg?%%p S r%%ne%hegf}sety%o%s Arh})ogeu%g’seﬁgn &%gw%trcﬁr?[f)(r\z%%c%bﬂne
segnents. At A€afstquemy haivinglacvahlecpreateralen adeovi ces i s di sposed al ong each
cabl e segnment, ang t tre ctronic | es. are. al | .

T anged wi th' t norhe e AR A ke RoiteC abiudh el ol pvering
mai n power |i fwo oK ifonel sletthical dgiictsh e The dadeswhter pdwer disttibwtionTsystemr inolodes gowver
pover i st 1 bURFERAIF] EleciRl STt HP GURGFoeD e Ao SCEASARL. AJBHA 2OV Erer
el ectroni csI m&w@hgggeﬁmauﬁewmﬁmrmw ©ltRainhi ¢ @ Béwdrisigiil he
Coupl or's. dPe. t 5% drPauchol AGRERLY 68 SOSSTHBHSS BivclitHoRe) PRl Jaghen
Each power di gbhig fhetunBétwateR 8abi® ariOis® redpectifely CouplidtbetieciRAiccmBia Yoive GhdhRT S

and each power coupler is posjitioned proximate to at | east one of ,the
el ectrical defecalectrical devipise Eeshesonyessiom Sirpyit s aranged) ir, coqyertghe maig, power

enbodyi ng t hi gedd PR aCpowed CdibRbRbn' APnalB DSecohd frétfuedcy: highét BRY e Of
frequency.

15 In methods and systems embodying these aspects of the invention, 'power is
transmitted along the main power line at one frequency and is distributed to the electrical
devices along the underwater cable at a higher frequency. This arrangement greatly
increases the power transfer efficiency along the main line and to the electrical devices.
Transmitting power at a relatively low frequency along the main power line allows the

20 power to be most efficiently transmitted to the aft end of the underwater cable.
Converting the lower frequency main power signal to a higher frequency power
distribution signal allows the power to be most efficiently distributed from the main power
line to the electrical devices. This is especially advantageous where the electrical devices
are mounted external to the underwater cable and power is inductively or capacitively

25 coupled through the sheath of the underwater cable without any connectors physically
penetrating the sheath. The high frequency signal inductively couples power through the
sheath far better than a low frequency signal.

- In some embodiments employing these aspects of the invention, it may be desirable
to first convert the main power signal into a DC signal and then to convert the DC signal

30 into a higher frequency power distribution signal. Conversion first to a DC signal may
further improve the efficiency of the power conversion process.

The invention provides an underwater power distribution system for supplying
power. The underwater power distribution system includes an underwater cable and two
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t he sane advantages as, the previously described underwater power

di stribution system However, in systens enbodying this aspect of the

i nvention, the underwater cable 25 conprises alternately arranged streaner
el ectroni cs nodul es and cabl e segnents, and at | east one power distribution

|'i ne brancheswiyemisbe nmain power line at a streamer el ect rgeRfsssEpaul €.
This arrangenent allows nmuch of the circuitry, including power supplies,

data circuits ' ' S od18:1i08) C&Hﬁmi gﬁﬁlgd i LSt Ci itry
in the strearroerra{eb eglércgkrﬁhicggﬁoa%uféels an&, erefor ,ﬂggﬁeﬁﬁé‘g‘nk%'re uges

t he wei ght amhdedvates cahié bas anousercbenth and: i fillechwith adossy diclebtric maserialrbaving @

ef fect power j. I ' | but } N . L nyent |

provi des a m%ﬁ{)x(f;rfacgé}s{>¢%ﬂbﬁg g'lo%ﬁ:eraegnd{éﬁﬂmﬁ{l e‘;r3 G’?‘(‘)l%gex{gga’sn@ry@%ﬂ the

el ectrical dawderataticaples ddplatatingofainsulatei-twisitdopaictrdmsmissioln eviree extenl thoowghi ses
transmttipg WD 97/ 11394 . . .

PCT/ US96/ 1 12‘3e d’&%‘?"‘%f cADIF g FURlrS, bstwesn the main, POWSE fine apd, the elpgirical
under wat er cadevites.C Eactemistepdihaansmission ariret Ifae aff@uter sieathandiandissipation faeoond
frequency, higher jhan th i rst fregyenc nd distributing the power at

t he second fr%ﬂfﬁ? ‘gﬁ‘?“'t(gB{ 3’1“%5"?'5““8%))/@?2 x%ﬁ'??tﬂﬁ“’fafeﬁ'ég to the

el ectrical devi cesystehid@mbbdyiiig thiscspectofithé iivertion SbyleffectivelyGransfef pewes \Aloafy
zero or an 5 AC frequency having a, val ue an zero. i nvention

t t Th
al so provi des?® eréP‘érm ﬁmg eYIcPs B ir"&%“ gl}rfs'{‘gw caRjeas fillgg ViR aor

nore el ecipi CRbsydAMbcHEE matbhifl, SRHAYS WaioRaqRANLTiqid fiaf mBintaidthéMiRleRidrtabledes
an underwater_ cable and the devices are disposed al ong the underwater

cabl e. A nmai ningopasrally huoyant state;s By preNiding an utghsheathonche wransmissipnvires that

arranged to {gRANgNHidsigdtioR fHcROVE Mes3! @R labdH 001 iR bk’ Rbsy’ MARKEN Yower can

plurality of conversion circuits are di sposed at spaced’| ocations
nonetheless be very effectively transfe along the underwater cable, through the power
distribution lines, to the electrical devices.

15 The invention also provides an underwater system for distributing power to and
communjcating with two or more clectrical devices. The underwater system includes an
underwater cable and the electrical devices are selectively disposed along the cable. Each
device includes one or more loads. A first line extends through the underwater cable and
is coupled to the electrical devices. Fault detection circuitry is coupled to the first line to

20 detect when a fault is present. Disabling circuitry is coupled to the fault detection
circuitry to disable one or more of the loads in a hierarchical order in response to a fault.

The invention also provides a method for distributing power along an underwater
transmission system. The under water transmission system includes an underwater cable
having two or more electrical devices spaced along the underwater cable, and each device

25 includes one or more loads. The method includes transferring electrical signals along the
underwater cable, detecting a fault in the underwater transmission system, removing loads
along the underwater cable in a hierarchical order in response to the fault, and powering
the remaining loads. ,

The invention further provides a method for distributing both power and data along

30 an underwater cable. Two or more spaced electrical devices are coupled to the
underwater cable and each device includes one or more electrical loads. The method
includes transferring power and data along a line in the underwater cable, detecting a

fault, and selectively removing one or more of the electrical loads from the underwater
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al ong the underwater cable and are respectively coupl ed between the main
power_line and th ' ' rsion circuit is arranged
to convert the main power signal into a power distribution signal at a
second frequency higher than the first frequency. 15 I n met hods and
systens enbodyi ng these aspects of the invention, power is transmtted

al ong the nai ﬁ"b 4| i ne at one frequency and is distribut BET/UEIE(1H28

el ectrical devices along the underwater cable at a higher frequency. This
arrangement gcable pgcording @aspredetermined \hisrarchy, instesponsef toithe famlly al ong the main
line and to the e | Sl ' A 1§ ' & 1 ow
frequency al ong tﬁg% %ﬁp%%%s%d%%% po&egﬁ%ngre%)g’mn%és??
efficiently tiimagpowet ve ona it digttibution lipé by selectinglyr eaiowing c elgl .cshutting \domwni ng

the |l ower fre \ i pg\fqﬁ | fhad | f .gguﬁpﬁy r

di stribution g?’gﬁfaﬁ losaqllig‘\%s faat%ower 09%24 éryt)“gpﬁ‘é&’fﬂlim ently distr i’%ﬁtl&‘ft
fromthe mdéi nimpporant [functionsoot kelecteical cdavices lared ehit cdosvn fiibst and sthe syt iimporgant
advant ageous er.e the ectrnical devi a t ed ternal .to0.1he
ndor vat or oAl PR Lh AR Bbidks s Yy e o, (BB, o ARG or

t hrough t he sifamtibnsahay beeshunhdewn\responsive o the faulth and thes theanosh Anportant electrical
physically penetrati 1 he sheath .The.high freqguency signal inductively
coupl es power %FHF"HL?GH&* Ba %“HE&‘?%- PW’%B?* g?“?‘ﬁd’ﬁo"é&%&bﬁlf PRYES BT 1
some enbodi ments gl rdnagdnenh @mhances BRGLEIvabiliy6f the MR dritital fuhctivhy obéevices
desirable to first convert the i n _power ;i nal into_a DC _signal and then
to conver t1& hé“!gé‘,‘ Q‘F‘B‘W&ﬁ’ segsiop fif A 1§y 198 W lr%qﬁ‘érﬁ%"m %i%‘?eﬁiflﬂﬂ‘i‘ﬂ%m
signal . Converdeviges Hisposéd faP uRddiagd GectionS il the!rdablR! ISKRIdMES tHeh Blegthitl ClodICY
of the power conversiaon process. The invention provides an underwater_ power

di stribution seiatd vafh wmeps funelipns ofdevicesy and, patisulgilyehicrsarical lnad shedding; on
system i ncl udggs aled 3HBterSiipbrtaizl| ®hétl ot Poter and data are disposed on a single

distribution line. Load shedding allows power transfer and communications to or from aft

15 electrical devices to remain intact even when an intermediate cable segment has been
damaged.

The invention provides an underwater power distribution system for powering two
or more electrical devices. The underwater power distribution system includes an
underwater cable with the electrical devices selectively spaced along the cable. A power

20 line extends through the underwater cable and is coupled to the electrical devices. A
current limited driver circuit is coupled to the power line to drive a power distribution
signal on the power line at or below a predetermined current level. A fault detection
circuit is also coupled to the power line. The fault detection circuit includes a voltage
detection circuit for detecting a change in the voltage on the power line.

25 Systems embodying this aspect of the invention allow a fault to be quickly detected
autonomously by each of the electrical devices or by each segment of the underwater cable
without intervention of the survey vessel. For example, where the current on each power
line is limited, a short circuit or other current leakage fault, such as sea water intrusion,
causes a drop in voltage to occur on the power distribution lines. A fault (e.g., sea water

30 intrusion) may be detected simply by a monitoring a voltage received from the power line,
e.g., by detecting a reduction in the voltage on the power line. Further, the current
limited driver not only provides for autonomous fault detection, but also prevents a section
of the underwater cable from exceeding a predetermined power budget due to the fault.
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or nore electrical devices selectively disposed al ong the underwater cable.
The underwat er cable has an outer sheath and is filled with a | ossy
dielectric material having a dissipation factor of about 0.01 or greater. A
mai n power |iweeximnds through the underwater cable. A pl Weghishdfispds

i nsulated tw sted pair transm ssion wires extend through 5 the underwater

cabl e and ar el-:féékbo*;&‘\@erb&wﬁ%;ﬁ Rfie TP infor RUBE s#éigﬁsaﬁﬁg atdbtﬁ-sez*ggf%ﬁi tgggmge

devices. Each twsted palr transmssion wre uter
di ssi pation fepsrationef thecundexvrates caldeut 0. 01 when surrounded by the | ossy

dielectric materi : ' ' &ﬂﬁﬁ | y
effectively t rans’?‘keermg%ﬁ%g‘r? al ong gﬁbﬂ%&@@age?‘ﬂgg%r(@% 0 eeg%ﬁgﬁﬁg{gces
even when t heannderweter cable bid ai mechanisne assaciated aviftO thel cableyforlitmhsferting power
material, guch .as ngn-aqueous |igquid that maintains the underwater cable
in a neutr Ilvdgﬂo‘égnﬁoﬁ'g#& Or&tﬁﬁg\?ica{’lﬁ'g an outer sheath on the

transmi ssi on W r €The limientiars farttetr Sproviddsi @ ndevivet sssociited @dth b amdatvater bRl i n

2l ong T e U B BSAR: (PO AN Bt OGP HIR R SRR 1 o

el ectrical devicePhe ifvention furtheh&rovidesndn Qndepwaer Hitd dofifuniationsdsysieai €or
system for distri buti,ng power to and colgmmi cating wwth two or npre
el ectrical defQmupuncang withea ty SOfs EletHira) cfeyiRes amd dnclnsles A drimagy, datay g

t he el ect npcatomifithicfidnd ERcukS laSakkupPdidta Sdmmtsifiond GGt Bl eRtli®y chiied to
device includes one or. nore loads. A first |line extends through the

under wat er caB¥Primay daun sommmunrations qisuit pad the; bagkun,dags eemmumpieations gieuttd on
circuitry is gokih diiednt iR Tprimty | 48F domntihicatléiise Clrciih Sdha? e WakkiipS data
present. Disabling circuitry is coupled to the fault detection circuitry
to di sabl e oneomypuUMeAtionyeirquifcin resperse tha dosk PEPewarie thel elestrital davices.esponse t o
a fault. The invegjd Q(R'eﬂtlio?logﬁ(/ﬂ& Qﬁ"?ﬁ@e Q&nﬁgﬁicﬂioﬁtskétgﬂtfopg:oﬂﬂiﬂﬁicaﬂgong
an underwat er transm ssion System e under water transm ssion system

i ncl udes d& uwithrtwatoz mare islectrical\demiges. whheundepvatercdogumunication sjsteicinsiudesaanc d

al ong the undﬁﬁd@?\kﬁér Qﬁm %(iﬂlalﬂg efe@&ﬁald@(riic%? select'ively disposed along the underwater

cable. An inbound data distribution line and an outbound data distribution line extend
through the underwater cable and are coupled to one or more of the electrical devices. At
least one repeater circuit is disposed in the underwater cable. The repeater circuit
20 includes synchronization circuitry coupled to the inbound and outbound data distribution
lines to derive clock data from the outbound data and to transmit the inbound data in
accordance with the derived clock data so that a timing relationship exists between
inbound and outbound data. '
The invention also provides a method of communicéting data underwater. The
25 method comprises transmitting outbound data and inbound data through a repeater circuit
in an underwater cable, decoding the outbound data in the repeater circuit to recover clock
data, and transmitting inbound data from the repeater circuit in synchronism with the
clock data. :
The invention further provides another method for communicating data underwater.
30 The method comprises receiving outbound data along an underwater cable, decoding the
outbound data to recover a clock signal, and transmitting inbound data along the
underwater cable in synchronism with the data clock.

In systems and methods embodying these aspects of the invention, transmission of
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25 includes one or nore |oads. The method includes transferring electrical

Si ghal-s—al-ong—the—uhderwat er—cabler—detaetihg—a—att—in t he underwat er

transm ssion system renoving | oads al ong the underwater cable in a

hi erarchi cal order in response to the fault, and powering the renaining

| oads. The in ' further provides a nethod for distributing both power
and data al onéﬁgy’ﬂ%ﬁ underwat er cable. Two or nore spacedg’g’ga‘gh?ﬁl

devi ces are coupled to the underwater cable and each device includes one or

more el ect ri canbound dafa along ap-ndesvater rablede synchrapizedoaceomdipg o weslock derived: from
along a line ige HtBoutddid\eBPichidhblafion GEHRGHbdMEd ValadWitl thedditbonRd ag&'wehv\%

renoving one or nore of the electrical |oads fromthe underwater
97/ 11394 repeaters, electrical devices, and dry-end electronics greatly redugesthe Jatgagy) 5-E.gthe

cabl e accordi Eé’s@g‘gﬁg ' i & fb&hg & d&udid :

Syst ens and rrgfg%%%éﬁé odyi né@%{g’é&aﬁ)ects oég&ﬁéﬁ?gﬂ\}gﬁtoﬁgar?trespoggé‘?o’a
failure in S pesitingl innmorer efficignt atilization iobubé awailablecbangwidth. e Jiurthet, ysince the
renovi ng, e.dg. ' ri .0gds..and.a [ f lons ip a
Controf Ped. pictsoRib bvicts s ecateyBitFons W BP0 6 el WAL blsPBY-ond

el ectrical de\electrenies, ahexéist naineed t6 isemslt oud a dorighpreamisie to aghirve ayrichfonizatioowith or
el ectrical deviges are s own . last. .Alternativel al l..el.ectrical

evi cos_or 1 o Brast g dhe S cibtronien,  THE yh dctoend it B el of.fhe e
most i npor t antinvehéed, rdatiahay by sene inbagisticfiorn theeledridal deviesd  to kecsupveg vessel very

manner proi/' ded, ffi%gnt Bower I's present. This managenent enhances the
sur vi vabi | 14 y W€ Vrfnd, fifcy rtical functions or devices 10 in the damaged

section of the calyhe @mventdhl prVideHnSdhdbrvaby Isydie Ofor Ofrfiiferding owenS he
devi ces di sposed at undamaged_sections ,of the cable. Shedding t

he
el ectrical | oXfder¥atst PAVERTARSRNgASEMINludre an JRderyAter APl A tWa Ry more wet
particularly hinfé sdiectivalg!didposd 3RO Wifderwater cable. Each wet unit has a first inductor

for receiving power. The underwater cable includes two or more second inductors

15 respectively disposed adjacent to the first inductors in the wet units. Hydrophones are
also selectively disposed along the cable and operate in one or more first operating
frequency bands. Power conversion circuits are respectively coupled to one or more of
the second inductors to output a signal having a second operating frequency band to the
wet units. The first operating frequency bands and the second operating frequency band

20 do not overlap.

The invention also provides a method of transferring power underwater. The
method comprises having hydrophones in an underwater cable which operate at one or
more first frequency bands and transferring power inductively from an underwater cable to
two or more wet units using a second frequency band which does not overlap the first

25 frequency bands.

Frequency band separation was found to prevent coupling noise from the power
transfer into the hydrophone circuits even when a high power, high voltage signal was
continually active.

Further, frequency band separation was found to be particularly effective when

30 coupled with an efficient filter. Efficient filtering coupled with frequency constraints on
the power distribution signal increases the hydrophone sensitivity and noise immunity as
the power transfer frequency to the wet units increases. In some embodiments, an
efficient filter for separating the hydrophone signal frequency bands and the power

1

SUBSTITUTE SHEET (RULE 26)



has even greater inportance where both power and data are di sposed on a
single distribution line. Load shedding all ows power transfer and

comuni cations to or fromaft 15 electrical devices to renmain intact even
when an internediate cable segnent has been damaged. The invention provides

an underwat er wigysR{sofli st ri bution system for powering two orpcHRIsEsBIRCL M cal
devi ces. The underwater povver d| stribution system includes an underwat er

ggallere \émothlmemgttgﬁg %r ough he uh‘gﬁé‘:‘/\%ﬂe’ Wﬁ% |sp%(ggmfa§mo t he

el ectri cal deparveetersmf@m!rmerlmmwndﬁntmfomadmrtbuted ter centbred
power |ine toﬁhi%@gﬁw@?&ﬁﬁf?%&?&’ﬂ&ﬂn signal on the power line at or

bel ow a prede ermn curren fault detection circuit is also
coupled to the poWier invention owidés ah tundetwater | powver idistribution rsybtend efor asupplyingge

25 01" s Bietie e 5 o e BRBAR, Wi 1 bRttt "Blibons i c

qU| ckly det ecsysténaunomdemn Sindetwater acableo with hihe adlertrioal @avicetedispmad adongytheach

For  oxanpl o, VAT O, THR S ot Al gl s 2P sl Barii, EB°

Ci (rjcui t or olthﬂrematerr cable. | EPkGGE thorel ﬁepeiﬁétCﬁto&igs&ﬁﬁ n:elyn:tdu &dlcwv(/aﬁuses
a roplnvot Q OcC ontepo i bution Ijnes. ault. (e.g.,
sea water 30 gﬁ‘% ré;‘ 1968 Y0c foomp §|‘Iﬁﬁ §°‘B‘§‘“%‘°‘?ﬂ9ﬂ| ‘E@P‘P‘“g det3ge
recei ved foomykirbutish e it | 'c&ﬁ:ledeto%ne 0P Yno#é ble@itiba) Gevices V6 G4 fuAsd tJ‘re&d?ﬂteVa@ lat age
on the power Line. Further, the current limted driver not on r ovi des

for aut ononoufirst Atgavengy havipg @ predstarmined bandwidth,  Eurther, ckach 6‘#3(53“3"{" ion line

underwat er capiefidésd ﬂwm&mm,@t@g BRGS0 Thdifein REMPard HiseBhticH fne! t8ndd®
fault. 9 WD 97/11394

PCT/ US96/ 151 2&bout the first frequency with the predetermined bandwidth, in response to a failure mode,

for example, a missing device, a device failure, or a seawater intrusion.

15 Underwater cable power distribution systems embodying this aspect of the invention
allow power transfer along a particular cable segment to continue even though the cable
segment and/or electrical devices along the cable segment have been damaged and/or
removed. Where groups of electrical devices are buffered by repeater units, the electrical
effects of losing a device or a seawater intrusion in one cable segment are electrically

20 isolated from the remaining cable segments. Thus, in these configurations, the load
adjusting circuit is even more effective in preventing detuning of a pérticular cable
segment so the communications and power transfer can continue across the entire
communication channel.  Further, the retransmission of message signals at a
predetermined level by the repeater at an end of the detuned segment with a load adjusting

25 circuit overcomes the detuning effects of a missing device or a seawater intrusion and
allows transmission of data to aft devices. _

In addition to an underwater cable system, the invention also provides electrical
devices for use in an underwater cable system. For example, the invention provides an
underwater electrical device for an underwater cable including a housing, a load circuit

30 disposed in the housing, and an inductor circuit coupled to the load circuit. The inductor
circuit transfers a power distribution signal from the underwater cable to the load circuit
such that the Joad circuit loads the power distribution signal. A control circuit is coupled
to the inductor circuit and/or the load circuit to reduce the loading in response to the
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Excess power drawn from one or nore cable sections may adversely affect the
entire.gperation of the underwater—cable —The lnvention further provides an
underwat er power/data transfer system conprising an underwater cable and a
mechani sm associated with the cable for transfering power 5 and/or data
along, into, or out of the cable. The invention further provides a device
associ at ed wi NP YA Whder wat er cabl e conprising a mechani sm YHUSE g,

recei ving, or generatjng power and/or data. The invention further provides
an under wat er POWerAisteibyion; signal falling belowas predstermingdhieNebat i ng with a plurality

of electrical devirhiemveivl alsdProviSS af uliérimiey clbtign Bvics M R Sable

circuit, a backup data conmmunications circuit, and circuitry coupled to the
primary data includes; & lipe hayingia veltage: hEhe, Haderyvatera electrcalfAenice dncludes a
circuit to sw D & bnk ki) i oGSHET14RE GaonfBcifchit G e RitEinghe
backup data \é\’gmru |?g¥%o?sn.kci rmﬁf‘t .ln“{rjg%glo.nsc_a to %a‘fogss c#bh;;omer to the

el ect ri cal Sdevhe eentrofigircyitinchydescrircpitry\for) monisoringridvaitage on a diseni A ynderwater

TSLCTL o COMMPEANAR Sl Do i 8l P €5

underwat er conmuni ¢ eminclu an under he
el ectrical deleveks sel ectively di sposed al ong the underwater cable. An

I nbound data di st &y i op i Qi St ' '
extend through t hghgﬁﬁd}gir;&m%{ é‘?&gﬁﬁfé’gﬁ‘g‘ngﬁ’é?@&@g‘ﬁﬁ%% &3&1{893{’11 %poru}éa%gatteﬁe
el ectrical devatles Thé\undeewster electricak devitecinclades@ucontroler dirsyiv whithiisatringed to

underwat er,.cabl e. The repeater circuit 20 ncludes synchroni zati.on . .
o eu 1 y 1060 B Snld ol sERF ARE IR e, Ry, e e ghioteg AF. D8 BN sireyiy
derive cldock Qiﬁ:_hﬁﬁi faﬁmdghet_imtdilbml dﬁ dmd adhaslt diml loadisteadihg tihitPnhQuMb_ ﬁdh& a
i n accordance with the deriye (o] ta so that a timng, rel ationshi
i ot bt woe AP S ATV TS TR BT e SOErwaleh il i P TR (O Tsompaive i
met hod of com@evagiet i ng data underwater. The 25 nethod conpri ses
transmtting outbound data _and inbound data through a repeater _circuit in

an underwat er cabMBderyates flerirical Aexices, SIbaoying Ahesh ety Aol invention, can ¢ o

recover cl@ck autonomously detect when a fault occurs in the device or a proximate cable segment and
automatically reduce the load on the cable segment independent of any commands received
from the cable assembly or survey vessel. In other words, the electrical devices
themselves may perform fault recovery autonomously without any explicit control received
from the underwater cable or survey vessel. Thus, reliability is increased and the
20 underwater cable assembly may recover communications and/or power transfer over the
underwater cable even where communications and/or power transfer across a portion of
the cable has been interrupted. Further, by hierarchical load shedding, more important
functions of the electrical devices may remain operative while less important functions are
removed first. This allows for an intelligent, hierarchical degraded mode operation even
25 along damaged portions of the underwater cable.

The invention provides an underwater electrical device for an underwater cable.
The underwater electrical device includes a housing, an input circuit, and an output
circuit. The housing is arranged to be connected to the underwater cable. The input
circuit is disposed in the housing for inputting data from an underwater cable. The input
30 circuit includes synchronization circuitry to derive a timing signal from the data. The
output circuit is coupled to the input circuit and is arranged to output data to the

underwater cable in synchronism with the timing signal.
The invention provides an underwater coupling system including an underwater
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data, and transm tting inbound data fromthe repeater circuit in
synchronismw th the clock data. The invention further provides anot her
nmet hod for conmuni cating data underwater. 30 The nmethod conpri ses
recei vi ng out bound data al ong an underwat er cabl e, decoding the outbound

data to recovgpedafabCk signal, and transmitting inbound dgigakbeHatst hE
underwat er cable in synchronismw th the data clock. In systens and net hods

enbodyi ng t he a S..0f i ' t. ] $S}.0NmOf . 7/.11394
T/ Uboo 1512001 5 il R oabelft, B 00 b Bore RAVE S0l P copler s sifoed
accordi ng to thectmdekwater icablel dndothet inductive booils dardasedecti@siy clisppsed, atiisita the t he
I nbound data w the t d da y_ It he.repeater el ectrical devices,
and dry-end eP'&*SF‘? i%@gﬁgﬁmwgﬁ%éga?ﬁémﬁ%ﬁ&ﬁw%".“?ltef‘he ti me del ay,
associ at ed w t h -stndirwaten cotiplihp systenss| antickdying [this iaspeed off the inventisrl Bodertivoadr
device, 5 gesulting,in re efficient utilizatjon of e avail abl e .
bandw dt h. Srulpifs ol L of Ecisp EreERaly, prage Rolschioed, Al e SO, offise
Wi tg each O}‘ a:liraxgemenr}gf parﬁcmryhgdmtﬁgeyumﬁeﬁbm_emm&e Hid‘iﬁdh%tii/écdm afeind Ei 0
send out a long preanble tq achjeve synchroni zation wth each repeater _ an
the dry-end ep’gc\e?‘o'l‘ﬂ‘@s. ItTﬂh’_a”fs R f&@&%*r 8£r51&"ew\iﬁ ppits; Bl s'é’iﬁ?é’!‘é‘ 3 E‘&h

i nvention, daggupfiRy cGIficiantifor Vdifons Qribrtations.n AdalRAdlly, eadh cfaKé pRTality of Béils

survey vessel very 10 quickly and efficiently. The invention provides an
under wat er syB®BEMclydga qoreangd: e slecirically gannected-fogetherde fimhes improye the coupling
transferrijpg syettiGeqel Ncl udes an underwater cable and two or nore wet units
sel ectively disposed al ong an underwater cable. Each wet unit has a first

i nductor for receilh¢ ifyepsionefurthorproyidere pmapderwaieihequpling: pysieas which igeludasran

second i nduct gffrwater cable, at least one coupler disposed in the underwater cable, and a plurality of
inductive coils circumferentially spaced inside the coupler. Systems involving this aspect

of the invention allow an electrical device to rotate with respéct to the cable without losing
15 power and/or data communications with the survey vessel.

The invention also prdvides an underwater coupling system including an underwater
cable and two or more inductive couplers. The inductive couplers are disposed at selected
lJocations along the underwater cable. Each coupler includes at least one coil having a
core with a substantially triangular-shaped cross section and a winding wound around the

20 substantially triangular-shaped core. .

Underwater coupling systems embodying this aspect of the invention provide
excellent coupling efficiency. The triangular-shaped core prbvides an extremely efficient
utilization of space within the underwater cable so as to provide a relatively large core
with a high coupling coefficient within the mechanical constraints of a coupler and/or

25 underwater cable. _

The invention further provides an underwater coupling system including an
underwater cable, first and second lines, and two or more couplers. The first and second
lines extend through an underwater cable and the couplers are disposed at selected
locations along the underwater cable. Each coupler includes an integral core having first

30 and second portions and first and second coils respectively wound around the first and
second portions of the integral core. The first and second lines are respectively connected
to the first and second coils.

In underwater coupling systems embodying this aspect of the invention, each coupler
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15 respectively disposed adjacent to the first inductors in the wet units.

one or nore first operating frequency bands. Power conversion circuits are
respectively coupled to one or nore of the second inductors to output a

si gnal having a second operating frequency band to the wet units. The first
oper ating frgﬁ'&?m‘f"bands and the second operating frequen®FTHNISI¥ do
not overlap. The invention also provides a method of transferring power

under wat er . Tineludes; |98 dintegrabr ¢oes FRhis \aErapgeenty iyubstastislly dmprovere thib(CORPIgL| e
whi ch oper at e, Qabnddif betyelPhE u ur.:féaﬁﬁ%ﬁ‘a){y PrRASa1 ABFlcds cORREL D thi BabIONET

I nductively froman underwater cable to two or nore wet units using a
second frequetheyorplerd whi ch does not overlap the first 25 frequency bands.

Frequency band s Eﬂﬁm : . erviald I'ﬂﬁinﬁ ' f ik

power transfer i ﬁ?%r?ﬁe y\c,i\?%fo ogﬁgﬂg{o?lgg‘% tgiéq@een \A,Eech a ?%ﬁ pomer,ﬁEieagl]‘h -
vol t age si §naundeewatercaablen fiest lapd second, lines Ratendiog thrbwghothe pogderwataricablsandatWoon
was found to pe rii ar | Ex ' LClent
filter. Effi c&eﬁ‘ppef ‘.Eﬂl“ﬁ%r ] n?%%%%ﬁ‘%%?eagg‘%‘ﬁ‘g%@%ﬁg’%&% ?%oﬁ‘qeh@t%gmer
di stribution edbinaEadhnmupies islutlésca Fiyst coib barmectsd rstht ifirsttline and second and thivdni ty
embod mont o, SAIBEPREIELT T poap 10, Tog St a1 rOmh ER ok BBk o o ptoer
frequency bangf e dirkthéhdBit lcoilslare in\Mds® proximiity! for canceling cross-talk between the

PCT/ US96/ églz transfer frequency band may be i nplenmented by configuring
t he | unpedVantrstpg §o¢ ‘E?(‘}s'pararreters of each power distribution line to

form a distribut eg Jieeats Sodpling S¥st<aftinfio@fing this aspect of the invention, the first and
third coils are arranged in close proximity to prevent cross-talk between the first and
second coils. This arrangement significantly reduces noise and, therefore, enhances the
reliability of communication with the electrical devices along the underwater cable.

15 The present invention also provides a power distribution, communication, electrical
device, and/or coupler system having one or more of the elements described herein and/or
shown in Figs. 149, in any combination or subcombination. The invention is
contemplated to include any number of combinations and subcombinations of elements

described and shown herein.

20 ief Description of the Drawi _

The above described advantages, features, and objects of the invention will be better
understood by reference to the appended claims, description of preferred embodiments,
and the accompanying drawings in which:

Fig. 1 is a view of a seismic surveying vessel towing an underwater streamer cable;

25 Fig. 2 is a partial sectional view of an underwater streamer cable which includes a
plurality of electrical devices;

Fig. 3 is a block diagram of an embodiment of an underwater power distribution
and/or data communication system for use in an underwater cable;

Fig. 4 is a block diagram of another embodiment of an underwater power

30 distribution and/or data communication system for use in an underwater cable;

Fig. § is a block diagram of another embodiment of an underwater power

distribution and/or data communication system for use in an underwater cable;
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about the power transfer frequency band. The invention provides an
underwat er power distribution systemfor supplying 5 electric power to two
or nore electrical devices. The underwater power distribution system

i ncl udes an underwater cable with the electrical devices disposed along the
underwat er caphgymigo or nore data distribution |ines extepdet.leaugh
portions of the undervvater cable. Two or nore repeater circurts are

respectively cou d [

dat a conmuni catl(l?nf annel B?:k;eﬁ#% Of(i%k’ﬂ'g?s ri ﬂté%%%?l#ngﬁ%sr&g‘gig{ g}gpto
one or nore olishution ahd/drdate e@nmmicatvntsm farqise samanderwater gabilesr st
frequency havi ng tribution
|l i ne includes at Fﬁ% qlgélle @%ﬂn&?@@ﬁnﬁ%ﬁgp?%ﬁl?ﬁé%ﬂﬁ%ﬂ} al n&lecg%: dat a

di stribution |indig. wwamwmmmmmmmwmmm:mmmmm ned
bandw dth,.in_res onsgcggt%aa failure node, for exanple, a mssing device, a
devi ce falq ur(‘-,?nv ter intrusion. 15 Underwat er cabl e power

di stribution systRigs9 estw gytial blobk/partialpeieduitodiagrian  of aotlier combmdinmem wdvihe
transfer al Ogﬁdgppﬁﬁt'bﬁ”' ar cable.se iment, o continue even though the cable
segnent and/ et cable, povier FOPYRISION GFff%ihe cabl e segnent have been dammged
and/ or renoved. \MQFmWQMﬁﬁnnghagfaﬁcﬁﬂdvmiﬂ extipla Sinfifie ob b fobtbothdoyati apéat er

units, the electrical effects qf losin device or a seawater intrusion in

one cabl e s e IOUET ‘éﬁ"@“@‘l"bﬂ??‘@l&ﬂ%% %wsw%eaowsmﬂmé FigBai ni ng cabl e
segment s. ygfhus, igfg !t NP fCoreOsthbadithelk bP AR elebiiRall RAfte Pdives Lirdiil 4ikd! diliélkctiical €VEN
nore effective in prevent| ng detuning of a particular. cable segnent so the
conmuni catlorﬂf‘"&ﬁé"%ﬂer transfer can continue across the entire

conmuni cati on Ch@igeiz is an'iqﬁlbheﬂt cirtiE of SHe! eibdtlintehi HNhe poWBSHRHButdNAMRS;S at
a predetermned | evel by the repeater at_ an end of the detuned segrrent W th
a | oad adj usting Eig 1%isaciequensy specommsofithe eqnavalent pigcuiiishewen in Big- 42ini ssi ng
device or a seawqipr 4 Bl (el oftiflsellibil Fich/ R M rtiehAkr dhpiglat a Lo aft
devices. In addition to an underwater ca e system e I nvention al SO
provi des & ectri dEig- Heisiaclongifudinal erossi snctmlmpﬂ\amewerc«hsn@tvyslmrfvr wEgrin

exanmpl e, the §OuER VAL éyb&\’ll des an

Fig. 16 is a top view of a coil for use in an underwater cable coupler;

Fig. 17 is a side view of the coil of Fig. 16;
Fig. 18 is a cross sectional view of the coil of Fig. 16;
20 Fig. 19 is a circuit/block diagram of coils for use in a coupler in the underwater
cable;
Fig. 20 is a partial cross sectional view of a first side of a coil housing for use in a
coupler in the underwater cable;
Fig. 21 is a partial cross sectional view of a second side of a coil housing for use in
25 a coupler in the underwater cable;
Fig. 22 is a traverse cross sectional view of the underwater cable including a coupler
and a coil housing disposed within the coupler; '
Fig. 23 is a partial longitudinal cross sectional view of an embodiment of the
underwater cable including a coupler and a coil housing disposed within the coupler;
30 Fig. 24 is a partial longitudinal cross sectional view of another embodiment of the
underwater cable including a coupler and a plurality of coil housings disposed within the
coupler;

Fig. 25 is a traverse cross sectional view of another embodiment of the underwater
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underwat er el ectrical device for an underwater cable including a housing, a
load circuit 30 disposed int i i i J

to the load circuit. The inductor circuit transfers a power distribution
signal fromthe underwater cable to the load circuit such that the | oad
circuit |loads _the power distribution signal. A control circuit is coupled
to the induct Moﬂ?’ﬁafit and/or the load circuit to reduce t REVPEWHFRY in
response to the 12 WO 97/ 11394

PCT/ US96/ 151 2%apleiraiudingsa equpler pasha seily heusingdisposed withinthe gopplerdet er ni ned

| evel . The inventi ' I Lok : [ s AN
underwat er cabl e V\F/‘r?#c%d ?‘ﬁ%&‘f@éﬁ%ﬁfﬁ%t@ 3% ?%M@ﬁﬁﬁ%@gﬁaﬁ

el ectrical deveviees hayingdesoupleheployigg mwitipleecails; one el ectrical load in the
housing, and a Co'yié.ob f5' 4 frdberee &o&sh&' Vidd o a.q-mﬁr %Wﬂkntct%&%%rwater
includes circuitry ¥ of nonitoring a voltage on a IItne I n an underwater
cabl e t o r éduceblencleding far¢onpler hmhe finst caib havisg at dntegrel cark tdispesedatvithincthe

ol eotr cal o PREABE caff Sheey 8 a oty & i Bl S0RS e Bal BRS¢
i ncl udes a coninderwater cable sheath; whi ch is arranged to 10 be coupled to send
and receive powertr_f

. 1 he_.und t ble. T troller. ci it
ol udos { aut ¢ deiEiE AR oG Alapn of SR kb g e g it covelen ayine
gra

circuitry to raadpegrafl @ge;anount of power received fromthe underwater cable

in a hierarchical order responsjve to the fault, Underwater el ectrical
devi ces entfbdyi ng Fﬂﬁeggkfgg&? diagrams; shoying Jpagnefie éj%l% of anippes Fefeemel core
det ect when ag¢h £5Cshbovn i Fighesdevi ce or a proxi nate cable segnent and

automatically reduce the | oad on the cable segnent independent of any..
commands recei ved Fig. 30 is a transverse cross sectional view of the underwater cable including

another version of a coupler and a partially shown wet unit;
Fig. 31 is a longitudinal cross sectional view of the coupler of Fig. 30 including a
15 core assembly disposed within the coupler;
Fig. 32 is a partial longitudinal view of the core assembly of Fig. 31,
Fig. 33 is a circuit diagram of core assembly circuits that may be used with couplers
of Fig. 30;
Figs. 33A and 33B illustrate the magnetic flux lines of the circuit of Fig. 33;
20 Fig. 34 is a transverse cross sectional view of the underwater cable of Fig. 30 with
a wet unit havin_g an arrangement of two core assemblies;
Figs. 35 and 36 are a partial block/partial circuit diagrams of embodiments of a
repeater;
Fig. 37 is a block diagram of a bit/clock recovery circuit;
25 Fig. 38 is a partial block/partial circuit diagram of an embodiment of a repeater;
Fig. 39 is a block diagram of a simplified version of the underwater cable power
distribution and/or data communication system; '
Fig. 40 is a partial block/partial circuit diagram of an embodiment of a repeater;
Fig. 41 is a detailed block diagram of the repeater encode/decode circuits;
30 Figs. 42A, 42B are a partial block/partial circuit diagram of an embodiment of a
electrical device;
Fig. 43 is a circuit diagram of an inbound data driver circuit;
Fig. 44 is a timing diagram of signals related to the transmission of inbound data;

17

SUBSTITUTE SHEET (RULE 26)



fromthe cable assenbly or survey vessel. In other words, the electrical
devi ces thensel ves may performfault recovery autononously w thout any
explicit control received fromthe underwater cable or survey vessel. Thus,
reliability is increased and the 20 wunderwater cable assenbly may recover
conmmuni cationa,oebg%sgj power transfer over the underwater C%ll‘ﬁlsgSYlg wher e
communi cati ons and/or power transfer across a portion of the cabl'é has been

interrupted. Further, . by hier | cal | ogd, sheddi .nore [nportant .
funct i ons of ¢ he TRtk AthSRE etk et dne esionl e edegide s
i mportant functi dFig. 46 65 4 dicekatiagrar f .a 1bad adjastingVierchip fontsel int the lungerwhter
hi erarchi cal degraded node operation even 25 along damaged portions of the
under wat er caﬂ?ﬁlg! The invention provides an underwater electrical device
for an underwat erFigagt @ a flow diipdan Wilofé edb@iimeént ©Flanpparahs hiihg! fidfarchical
housi ng, apn input c¢ircuit, and an output circuit. The housing 1s arranged
to be connect § IRE underwater cable. The input circuit is disposed in
the housing for igpusg ilnsrd@t e hicpitiae) 1ad ShaRing! fufictioh Svhick'Ray B désodifted
circuit includes synchronization circuitry to derive a timng signal from
the data. Thevithapglectacy dayige;jagdcoupl ed to the input circuit and is
arranged 10 out pUkis 8 ArabiPardsifie S\WEtAIngeRveek PRMEry dhd%él&@rcféﬂhﬁﬁﬂc‘ﬂi&ﬁ. the
timng signal. The invention provideS an underwater coupling system
i ncl udi ng an underwater 13 WD 97/ 11394
PCT/ US96/ 15128, :
coils. The coupf HOSE0 f derwat er cable and the inductive
coi | s arel@el ect i Referyinglitg Figsel| andi25 » dxpicahmartingiseismic data @edwisitiont system 1 may
circunferentigliye ?%ﬁfvﬁg Je&Sf‘é 'v@iﬁ[ﬁh R Yne o %&9‘&8&&%&99@&5&?%&’6&&&@%”9
systens enbodying thi's aspect o e 1 nvention have two or

underwater cable 2. The underwater cable 2 may include one or more sections such as

and two or nore inductive

lead-in section and underwater section 4. ' The lead-in section 3 is typically connected

between the underwater section 4 and dry-end electronics 5. The dry-end electronics 5

15 are typically disposed on the survey vessel 8 and may include a plurality of data

acquisition, processing, storage, and control devices. In some embodiments, it may be

desirable to couple first and second ends of the underwater section 4 to first and second
buoys 6, respectively.

The underwater cable 2 may be a continuous streamer cable or be discontinuous

20 and divided into a plurality of cable segments. For example, Fig. 2 shows a portion of an

underwater cable 2 which may be divided into a plurality of cable segments 13 by a

plurality of streamer electronics modules (SEM’s) 14. In the illustrated embodiment, the

cable segments 13 are alternately arranged with the SEM’s :':14 to form the underwater

section 4. The SEM’s 14 may be larger, smaller, or have the same cross sectional size as

25 the cable segments 13. In a preferred embodiment, the SEM’s 14 have a larger cross

sectional size than the cable segments 13 so that the SEM’s niay accommodate electronics

such as one or more circuit cards. Further, each cable segment may include an outer

sheath 15 secured to waterproof connectors that attach to the SEM's 14. This

configuration allows access for servicing the electronics in the individual SEM's.

30 However, the underwater cable 2 need not be limited to this arrangement. For example,

the outer sheath 15 may extend throughout the entire length of the underwater cable 2 and
enclose the SEM’s 14.
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5 rmre coils, such as circunferentially spaced coils mounted about the

where the |nduct|ve coils are in the wet units. It aIIovvs for rotatlon of
the wet units while still maintaining a high coupling coefficient for

vari ous oriengvtlons Addi ticonally, each of the plurality of coils may
incl ude a cor &AHHYR el ectrically connected together to fufEHETISANAS ove
the coupling 10 coefficient. The invention further provides an underwater

coupl i ng syst em whsdiusrated injEig. Anthe wadarwatereablehtypical lﬂF‘B@&“rta Rivrality nf ymits
di d t | |
i sposed i n t RQedEGT AiSpoRcd ;ﬂlﬁaugﬁrnﬁanﬁo@eﬂlﬁﬂ'l@ i?%igﬂf ty | JFRdphEnes O Infay be

circunferentially spaced in e coupler I nvol VI ng this aspect

of the invent SeJectixp! owsmﬁie‘blamgrﬁhemeseﬁ@nr 4t for amegsuning seflected sebsmi¢ e
cabl e without 4 k”@uﬂﬁfrso prow W MricdPd 1&?5@%&%@%1%?% 1‘9"&:@0&“9111 IHEY

vessel . The invention es an underwat er” coup tem 1 nCl udi ng
an under watSer unddrivatersettionat eithesrvinside autlfont omde@ﬁnheemter ﬁmth hfucWhen the

Each- coupt o7 FREPRHCEvirs PEREAGRe iRl ol B 1S, UYL Yepe oy

t ri angul ar - shipstceamen sgits 3Lt iAltermatively, whmdﬂngledemuwrl& ardr dispdsed on the

This aspect oFREHEFhbE cuer Hkalh £ e eliOR MRHEL GOMRY be et TR i "0
t ri angul ar - shapedrieowe ynito 30 Gess preferably scenaret \to eiel andesvater whblk usiag ione opmarpace

W t hin theounderwater Eﬁﬁb so as to provide a relatively large core with a
hi gh coupl’1 ng"{,e Bt cOUP i thin the nmechanical constraints of a coupler

and/or 25 under Wi etenfpMy @mbddithehi) @8 telcftichldevites 19 fdyibdafariads dyla&mguMer
coupling syst em i ncl ud| an underwater cable, fjrst and second |ines, and

two or nore c&@pF¥ample, gle plestriga) J 8devise, pay jipcludea lewsline function,depth sensing
underwat er calphrign thebibigic (iﬂigﬂ“g%eﬁn@ fanEticn@ank a%mﬁ@sfh@i&% fuﬁé‘tﬁin' a6GreRla®ng

t he underwat er cable. Each coupler 1ncludes an integral core havi ng first
30 and secon@thsbr funstiensaneies.i rindlingMmeien e 3FRI @gAclesometery  BRERRAMCtGlo U QBtical

around thesfi pajse/Bsting, retrieval aids. Further, in some embodiments, it may be desirable to

divide one or more functions into two or more electrical devices 18. For example,

leveling devices or birds 10A, compass/heading devices 11A, and acoustic ranging devices
12A may be configured as separate in-streamer units within the underwater cable 2. In
many embodiments, the electrical devices 18 are configured as separate leveling/depth

20 sensing devices or birds 10, compass/heading devices 11, and acoustic ranging devices 12
and are disposed on the exterior of the sheath 15 as wet units 30.

Using known techniques, the electrical devices 18 may be utilized to measure and
control the shape, heading, and configuration of the underwater cable 2. In many
embodiments, the leveling devices, or birds 10, 10A include one or more vanes 17 to

25 control the depth and/or orientation of the underwater cable 2. The electrical devices 18
typically communicate with and are controlled by the dry-end electronics 5 on board the

survey vessel 8 over one or more communication channels.

wer Distribution/ icati re
Referring to Fig. 3, a power distribution and/or data communication system 20 is
30 shown in block diagram form with the physical relationship to the marine seismic data
acquisition system of Figs. 1 and 2 illustrated as dashed lines. In the illustrated
embodiment, the dry-end electronics 5 include a control processor 21 and a main powér
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second portions of the integral core. The first and second lines are
respectively connected to the first and second coils. In underwater
coupl i ng systens enbodyi ng this aspect of the invention, each coupler 14
WD 97/ 11394 PCT/ US96/ 15128

i ncl udes an i figagnpdes core. This arrangenent substantial |y pafRrisosassag he
coupling coefficient between the underwater cable and any el ectri cal

devi ces coupl &g ]&%t he cable at the coupler. The invention additionally
provi des an un BY &t er coupling systemincluding an 5 underwater cable,

first and second Thenpan pawvenwipply 22 s prefgtablymwupiedi tr aveshiarpowebline 23methichvouns r

nore couplers, T s_al ' e S | gcat i e
under wat er ca@faggﬁéégﬁ%%ﬁ%&&f %éﬁ?u esng@#th g{‘&%l lycg'%néc eée%ﬁ)'[}%e&?i rst
| i ne and secoumlepwatertseatiod 4¢c oA plralibnhofsepeaters 20A-R5C sy dr deledtively dispeseflialang and
second coils are spacg fromeach,other. and.th i,r.st and third,coils.are

I n close p# oxﬁﬁﬁwﬁ‘f %tﬁg% gﬂ%@’ f bca@féoi;qut PR A bﬁgﬁpgegnmts&réeslqs m\pf“?g?cl ‘S‘rﬁ‘h‘m
second coi | s. mhin powbelinat23c Asodipdusseq thiyeghoos therdpecification,t the Tepeareec 25A25Che

invention, the first .and third coils, gre arran in clos roximty_to
prevent cros sm?%b’ﬁ VBR? e‘f?“bﬁ‘é"eg 19 %l“aﬁﬁ @%@Hg’?gﬂ?‘i“g‘.‘s' fﬂ&%ﬁaﬁwﬁnﬂéﬁ@m‘
si gni ficantl yrefifiidfmg, powércconvéision,Rimbanhén and RoMeERS fult procebsimgPind Eontel,
communi cation with the, electrical devices al ong the underwater cable. 15 .
The present i PRASHitFgsMistian; 1gesiFivingareceiyingydine deianinatign, pth chagasien (Rpsmistion,

el ect ri calodeyggigBiociaighéhiromAton,c dath Y Biile Foladl] Hita0BfcoBing"Wal @écoliihl, SiekENt S
descri bed herein and/or shown in Figs. 149, 1n any conbinatjon or

subconbi nat i oFFCOVeTHeerrafydatectippreoreection « ugnal Ailtering, And{or | hierarchisyl loadhishedding

conbi nati ons @d}ﬁoﬁubcorrbi nati ons of elenents

The main power supply 22 may supply either AC or DC current to the main power

line 23. Where the underwater cables 2 extend over long distances, it may be desirable
15 for the main power supply 22 to output either low frequency AC or DC power and for the

main power line 23 to use a relatively heavy gauge wire. Many underwater cables 2

utilize a main power supply 22 configured to output a main AC power signal having a

frequency of between 1 and 4 kHz onto the main power line 23. In many applications,

the main power line 23 includes one or more transmission wires which are at least as
20 heavy as 8 gauge wire and which are several thousand meters in length.

The control processor 21 niay be coupled to the electrical devices 18 in the
underwater cable 2 by a lead-in line or lines 26 which may be buffered on each end by
interface circuits 27. In typical embodiments, the lead-in line may be up to 600 meters in
length and normally does not interface to any parallel connected electrical devices 18. In

25 many of the preferred embodiments, data may be transmitted across the lead-in section at
a rate of up to 64 kbps or higher. Accordingly, conventional line drivers and receivers
may be utilized as the interface circuits 27 to interface the control processor 21 to the first
repeater 25A. For example, the interface circuits 27 may include drivers/receivers
compatible with the EIA RS-422-A (CCITT V.10) and/or the EIA RS-423-A (CCITT

30  V.11) standards. | ,'

The repeaters 25A-25C are alternately arranged with a plurality of data and/or
power distribution line(s) 28A-28C to form a data communication. channel running
substantially throughout the underwater cable 2. The data communication channel
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descri bed and shown herein. 20 Brief Description of the Draw ngs The above
described advantages features and oblects of the invention wll he better
understood by reference to the appended clains, description of preferred
enbodi ments, and the acconpanying drawings in which: Fig. 1 is a view of a
sei sm c surveying vessel tow ng an underwater streamer cable; 25

Fig. 2isap M13%ect i onal view of an underwater streanePCHESAASIAR ch

includes a plurality of electrical devices; Fig. 3 is a block diagram of an
enbodi ment of mfmmmperpmmmspmmmmﬁrmpmmmmmuws a8

system for &gt her
enbodi nent of esgir?&ll}%g'e#‘ ter Blg/\}eh%% ut [ o% ﬂ‘fé(el%u?&i comrunl cat i on
system f or useshownambungientheamt unitstA0e0r IEsgeanEr usita31h| As presriousjy aliscussedawithher
enmbodi nent /

system for use"@gmlllqg?:r é%&%mﬁw%%gg %%gg%&&gmmaﬁu%
PCT/ US96/ 155128nd1u@; fdr example5d comkpash/lregdiag fimttian) depti cortrob Ainhction) acabkticuanging

underwat er po di st rl})utk}lgn and/ or data comuni cation systemfor use in
an under wat er fops, apdigr Pock di agram of the underwater cable

power conversion caamm:t tinit 50 & prSfe'taslyacdabmko dim@mmlmathxbmﬁmdimnt
bl oCK/ par 1 ol 4B 245 Boiok QYo RS EOIS: or SEHBEM FAoh i SFesticg vek L A BGHEEN | o
power conver sicgipled focéﬂetof the data/power dlstnbuuon line(s) 28A-28C usmg an in-streamer coupler

10 32. Again referring to Fig. 3, a plurality of couplers 16, 32 are disposed along a
data/power distribution line to couple electric power from the data/power distribution line
to the electrical devices 18 (e.g., wet and in-streamer units 30, 31). As shown by the
dotted lines in Fig. 3, the data and/or power distribution lines 28A-28C preferably extend
through and are substantially coextensive with each cable segment. Additionally, in many

15 of the preferred embodiments, the data and/or power distribution lines 28A - 28C are
coupled to the main power line 23 via the respective repeaters 25A - 25C located in each
of the streamer electronic modules 14. In the many of the preferred embodiments, the
couplers 16, 32 are inductive couplers. However, any suitable coupling mechanism may
be employed, including capacitive coupling, ohmic connections, and/or optical links.

20 In some embodiments, it may be desirable to include a terminating circuit 34 at the
end of the last data/power distribution line(s) 28C in the underwater cable 2. The
terminating circuit 34 is preferably configured to provide proper termination for the
dara/power distribution line(s) 28A-28C. In alternative embodiments, the terminating
circuit 34 may also be configured to transmit synchronization information and/or idle

25 signals along the data/power distribution line(s) 28A-28C. In many of the preferred
embodiments, two oppositely connected Zener diodes (i.e., a voltage adjusting circuit as
discussed below) may be utilized to terminate the outbound data/power distribution lines
while the inbound data/power distribution lines may have a resistive termination.

In Fig. 3, the data and/or power distribution line(s) 28A-28C are shown generally

30 and may comprise any number of physical connections. The distribution lines may be
variously configured to include an optical, single ended, and/or balanced electrical
connection. Further, the configuration shown in Fig. 3 may represent a half-duplex or
full-duplex system. Conventionally, data transmitted from the electrical devices 18 to the
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Fig. 10 is a timng di agram showi ng exenplary timng of an outbound data
and power distribution |ine enploying the power conversion circuits of Fig.
9; 10 Fig. 11 is one enbodi nent of an electrical device power circuit
and an electrical device decoder; Fig. 12 is an equivalent circuit of one
enbodi ment  of wd\@,pRyer di stribution Iines; Fig. 13 is a frgqiaegysismPect rum
of the eqU|vaIent CIrCUIt showmn in Fig. 12; Fig. 14 is a traverse Cross

cr oss sect | ond o SRS SRk P FReBin b iboupd diindpod dan nfiiGR BRI AT

cable; Fig. lGiry-endeleapnics Svio die eleatrigal dévives A8 enay rbeaefeneﬁimrasa‘bmmtdam.
coupler; Fig. 17 iis a sid of 0|I S a,Cross
sectional view of I femeEH Wﬁ’f‘e liga rﬂsmﬁutgpgl 1@‘“1 %Camﬁi' k’ﬁﬂisf ock
di agram of coiling. fmfauiiglellineaymuﬁt may bmpibfeeablmennwdnﬂrorcab&ehcy uliplezGhé s a
partial cro s sect 0 f a f| of a housi for yse in a
coupler in F@P%@gb‘f rZT"i?‘g i‘a‘ka‘ﬂ ‘Q@E‘l‘i"ﬁﬂg\m@j

of a second su@n-zs‘c ﬁiay:@ddaprtseuﬁimwe fm Fofa nmnﬂ»'fe EneGstah Ot niak b&fpeeferable to
under wat er cabl e g 2 iIs a traverse cross, sectional view of

under wat er catitiizg {f"a‘%ﬁ‘ﬁﬂ'@ﬂ'%rﬂs‘ﬂ"c‘@ﬁfe [Pythepad, Eﬁas‘ﬁc@%ﬂb‘iﬁdﬁ PR t he
coupler; Fig. s?%rit@ afseritbibh Bine 'R0 tHeliHbdtAd datal Sﬁoﬁéﬁﬁibﬁn @hchvéfeie QhtaRdwer

embodi ment  of underwat er cabl e |nclud|ng a coupler and a coi|l housing

di sposed wi t hidistibusiop oins(sar28/g0 28C may pg g ling systemy hpving |ap igbeundi dai
Cross Sect{Pnaispinititn %ﬂ@ Sﬁtbm%%b% onlli2€. YR IGH GhsHirienl, ‘?tmay e

i ncluding a coupler an urality o ousi ngs di sposed w fhin

coupl er; Fig. desirable ip WM&;G Rawes ssignal: opigngithes; itheinbpunsi aadierr owthenndi Mt
of the under Wei&fibution line. Alternatively, each data/power distribution line(s) 28A - 28C may

include three lines where inbound data, outbound data, and the power signal are

transmitted on a separate distribution line.

15 Fig. 4 shows an embodiment where the outbound data and power signal may be
multiplexed together on a single outbound data and power distribution line 38A-38C while
inbound data may be distributed on a single inbound data line 39A-39C. In many of the
preferred embodiments, the power distribution and/or data communication system 20 is
configured as shown in Fig. 4 using a first twisted pair wire for each cable segment of the

20 outbound data/power distribution lines 38A-38C and a second twisted pair wire for each
cable segment of the inbound data distribution lines 39A-39C. The embodiment shown in
Fig. 4 may be preferable for many applications since this embodiment reduces the weight
and cost of the copper transmission lines while still maintaining a data channel having a
relatively high bandwidth. ;

25 Fig. 5 shows an embodiment of the power distribution and/or data communication
system 20 having separate inbound data, outbound data, and power distribution lines.
This configuration may be useful in systems which require large amounts of data to be
transmitted in both the outbound' and inbound direction, where the electrical devices 18
have large power requirements, and/or where the addmonal wcight of a separate power

30 line may be acceptable.

Separate power distribution lines may extend either pamally or completely through
an individual cable segment. For example, each cable segment may include two or more
power distribution lines. As illustrated in Fig. 5, cable segment A includes first and
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16 MD 97/11394
P ak cl L 3G
t he coupler, Flg 26 is a CIrCUIt dlagran1of a CIrCUIt for use with

enbodi nents of electrical devices having a coupler. enploying nmultiple
coils; Fig. 2 traverse cross sectional view of another enbodi pent the
under wat er éﬁﬁﬂgwfncluding a coupler and a first coil hdﬁﬁﬂ? ff?%tegral
core dlsposed wi thin the underwater cable sheath and a second coil haV|ng

an integral céeendpayss distribntion fines i, 44 e diretand seqopd pawer distripytipn lings AL, 5
circuit di agr Hé'sﬁSMﬁlly"ﬁ ofph fitkt M%&M&R&Bﬁ%ﬁ@bt@%@ﬁ@nan

i ntegral core; 10 A-29C are di a%r ans show ng_magnetic fl ux

lines of an | FReRactively. edpeiplsc‘i?mg@m dp leagthso Wﬁf msgtbutm ling guayde | s
a transverse ggsa 5 mduP oad-haf ¥ ﬂﬁgtﬁ lo¢ tﬂ'.n%i re?&?%‘rk'%sﬂ&eaw her

versjon of a coupler and a partially shown wet u |t
| ongi t udi nAl eacw.ndsﬁctm oshle segment stpplym the power qufabputgonesmf ofcthe ¢lestyical 15

core assenbly di [ agha

| ongi t udi nal Vi ew o t 'ggbgcegrgl gﬂe“?rb gﬂﬁhlg %g"“lfﬁ‘é m% Hng@'a Cl rcw{1

di agr am of coreaumenﬂm)bf/ﬂxplpm tdxsuibuaon rhags lmehdf@domesrfocom efficient pbwe.
30; Figs. t of
Fig. 33; 20 %ﬁﬁ%?%ﬁikégﬁ&li@gﬁe Ji%"gégg%tfg?o‘glggéte‘c ona{iIE g’\% %’%&@ﬁﬁ&n
under wat er calihes 41f, 4EJ JWhére twb toln mrwpbwen*ﬂxstnhaionrlgieaareanﬂmmrsingw cdbleo
core assqulle

segiment, a termination circuit 44 may be included to provide proper termination of each
power distribution line.

Fig. 6 shows an embodiment of the power and/or data communication system 20
where each repeater 25A°-25C’ is preferably adapted for repeating data along a primary
data channel 48, such as a main data channel utilized to transmit acoustic hydrophone data

15 to the control processor 21. The primary data channel 48 may include fiber optic data
transmission lines. Each repeater 25A°-25C’ may be connected to one or more secondary
data/power distribution line(s) 46, 47 which communicate with some or all of the wet and
in-streamer units 30, 31 disposed along a cable segment 13. In the iliustrated
embodiment, the cable segment 13 may be divided such that the repeaters at either end of

20 the cable segment communicate with about half of the wet and in-steamer units 30, 31
disposed along the cable segment 13 using separate data/power distribution lines.

In the embodiment illustrated in Fig. 6, the secondary data/power distribution line(s)
may distribute data at a relatively slow speed as compared with the primary data channel.
For example, the secondary data/power distribution lines may utilize one or more twisted

25 pair copper wires to transmit data and power as discussed above with regard to the
data/power distribution lines shown in Figs. 3-6. The repeaters 25A’-25C" may be
arranged to provide data link control and other data management functions for formatting
data transferred between the primary data channel 48 and the secondary data/power
distribution lines 46, 47 depending on the protocols utilized on the respective channels.

30 The configuration illustrated in Fig. 6 may be useful in systems where the primary
data channel 48 (e.g., a fiber optic backbone communication channel) has sufficient excess
capacity to accommodate the additional data to be transferred between the dry-end
electronics 5 and the electrical devices 18. An advantage of the system illustrated in Fig.
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Figs. 35 and 36 are a partial block/partial circuit diagranms of enbodi nents
of a repeater; Fig. 37 is a block diagramof a bit/clock recovery circuit;
25 Fig. 38 is a partial block/partial circuit diagramof an

enbodi rent of a repeater; Fig. 39 is a block diagramof a sinplified

version of thgowhqapyat er cable power distribution and/ or QgkAisesnsizs
communi cation system Fig. 40 is a partial block/partial circuit diagram of

an enbodi nment . qf g@&ﬁé,‘ ' .l [ (fi!liﬂﬂﬁ

r epeat er encoﬁd;&/ ect%eg% cir uﬂ@éﬂovgpélhsﬁbuﬁox@%éx?}gﬁl 8%& are gﬁ})ag.h {’{ak?

bl ock/ parti al altor g pottiodiofi grcable stgraent d3h oAcordinglys fwhereethe dengihcoff the sedopdary Fi g.
43 is a circuipt . diaqr Of. an. | ung . riyver .oirculit:. £ 4 i
timng diagra | g‘ﬁgeﬂ.'g&‘rogpa eggt g?tlgzésgr'%ﬁs%gscg@%n %#etnlt’n aowdﬁaéégd’é‘kg;bgﬂ
WO 97/ 11394 increased and wire size reduced without adversely impacting power and dafaG¥ansfe @ith5128

Fig. 45 is.a detaile | ock,di agram of the electrical device encode/ decode
circuits; Ti—i g- &@‘ﬁgﬁﬁ%“c ‘diagram of a |oad adjusting circuit for use in

the underwat er calaleach bf the abovel embxdfnhenty ofi the pawer ahd/on data otxaniunieationcsystemn
D D bR SR de S o iy e
el ectrical deyippl; 22 Griting - thé Fobls | 61S bisa] @e infaéh PoverC lind) @30 RIrivdpN e tramlk,y
and DK O dictaibition Te(s) JHA-38C Ssars6e, 41548 46 %7 Fomass banehes, and
10 each coupler 16, 32 forming a leaf. Each branch may be disposed in parallel with the
trunk and may extend along the cable either toward the survey vessel 8 or toward the aft
end of the underwater cable 2 depending on the particular embodiment employed. When
the tree power structure shown in Figs. 3-6 is utilized, a) the power and/or data
distribution lines may be isolated from each other and provided with fault tolerant features
15 that preserve communications and/or power distribution even though a fault occurs along
a particular cable segment, b) the power to the electrical devices may be transferred along
a relatively short power distribution line at a high frequency, thus improving the coupling
coefficient for a given coil core weight, c) the circuits for converting the main power
signal into a high frequency AC power signal can be the same circuits utilized for
20 transmitting data, and d) the power supply, circuit cards, and housing of the existing
SEM’s can be shared with the repeater circuits to minimize the weight and complexity
added to the underwater cable system while transferring operational power to the electrical
devices.
P : Facilitating Power Distribution to Wet Upi
25 The above described power distribution and/or data communication systems 20 may
be facilitated by the addition of a number of elements designed to enhance the power
transfer efficiency to each of the electrical devices 18 and particularly to the wet units 30
which may have a low coupling coefficient. For example, referring to Fig. 7, power
conversion circuits for use in the above described embodiments are shown in detail. As
30 discussed above, a main power signal is supplied from main power supply 22. Preferably
the main power signal is a low frequency AC signal or a DC signal output on main power
line 23. The main power signal may be coupled to a plurality of underwater cabie power
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10 Referring to Figs. 1 and 2, a typical marine seismc data

acw%#m-sys;emé—m—md—ude—a—suweHe&seL—&qw—ch -t ows -one—ornore

underwat er streamer cabl es such as underwater cable 2. The underwater cabl e
2 may include one or nore sections such as |ead-in section and underwat er

section 4. Th n section 3 is typically connected bet

under wat er ?44’?&932‘%(1 dry-end electronics 5. The dry- endng@?wﬁm cs 5

15 are typlcall i sposed the survey vessel 8 and may include a
SRRt 50 fisposed

plurality of &9F isposed, aloug, fig main pewerdine 23qq control devices. In
sone embodi nent's, Thé poWer distriB@fdn’ ! cOmirfinfcatiol @s&fnr maﬁéesaeaﬁg ed

t he underwat er sectjon 4 to first and second, buoys 6, respectlve he
under wat er calfp dnciudeapy umber g, POWRT R9BVertipn sirguits dagsped a8 any sumber:

20 and di vi deQgn@ i whdBiviater|chblY 20fWEe¥Dhﬂ u‘iS&WB(&I‘ éablf@'incﬁi&@ﬂﬂeﬁneﬂ: élébtroﬁxcs

shows a portion of an _underwater cable 2 which nmay be divided into a
plurality of dadules SSEMESItI4, the pydeswater eable; We@fcoyvqr%@mﬁvcwm%n@nosed

nodul es ( SEM Aand %f@;d t dp& ‘}Hf?rg @g&{%ﬁ
are alternat elqg/sl%rrange V\nét#ﬂﬂﬁg%ﬁﬂ ﬁ@ 0 or%r%%gaunﬁler ter section
4. The SEM s BSEMisy Husther; theoundeswasér cable poweh gonyersion cirgnits 50 vy shase tsome or
size as 25 t ggﬁp*ﬁ pr
have a | arger crog‘?ussace% na g%geep%%sﬁzst h@%’?ﬂn{ggﬁe%?&&?&%twqﬁ
SEM s may accdmregedter cidceits aminiocating ulichpawer @oaversiomircnits in thei SEM’a redables the
Furt her h_cabl e segnment may i.nclude an.outer. sheath ecured to.
unt o1 pr oot R o RRNES SPEses piraliR o iike Aottt iR w8 R e et
al | ows access Thas, theoverali Weighthsdalostasf oveer idistribdtion At sonthnericatibl/systens 80
However, the unde wat er cablge 2 nﬁggerbgal{yl rTB’tEPgERStﬁ% PEI S arrangenent.
h

For exanpl e, frsfucedy, o Alfernpgv EhePRWST FOPXHFON of
t he under wat ercuﬁﬂttl 50 mayBél spafakedF6m!the repEitbrScirbdits 488 disposed along the underwater

cable at locations spaced from the SEM’s.
15 Each underwater cable power conversion circuit 50 preferably converts the main

power signal on the main power line 23 into a power distribution signal (e.g., a high
frequency AC power signal). The power distribution signal may then be transferred to

each of the electrical devices 18 via a coupler 16, 32, preferably via an inductive coil
having a core. In some of the preferred embodiments, the power distribution signal is

20 supplied to two or more Eouplers via a data/power distribution line. The power
distribution signal may have a frequency of between about 25 kHz and 400 kHz, and
preferably between about 30 kHz and 300 kHz and even more preferably between about

40 kHz and 200 kHz and even more preferably between about 50 kHz and 100 kHz and
most preferably about 64 kHz. The weight of a core necessary to achieve a particular

25 level of power transfer efficiency is inVersely proportional to the frequency of the power
distribution signal. For example, a lower frequency power distribution signal requires a
heavier core to provide the same power transfer efficiency as a lighter core used with a
higher frequency power distribution signal. Accordingly, if the frequency of the power

- distribution signal was the same as the frequency of the main power signal, e.g., 2 kHz,

30 then the core weight in the coupler would be about 32 times more massive than that
required for a power distribution signal having a frequency of 64 kHz. However, a
substantially higher frequency power signal may be difficult to maintain for long cable
lengths because of losses, e.g., due to loading and cable capacitance and skin effect of the
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WD 97/ 11394 PCT/ US96/ 15128
As illustrated in Fig. 2, the underwater cable 2 typically includes a
plurality of units selectively disposed thereal ong. For exanple, a
plurality of hydrophones 7 may be sel ectively di sposed al ong the underwat er
section 4 forwgRasised Ng reflected seismc signals. Further ch

el ectrical devices 18 nmay be selectively di sposed along t he unéermater

section 4 eit gtﬂ:ﬁﬁﬂ,;
el ectrical de@?{glé‘&s 8&glreer‘ﬂ[r§l|%%§el%ﬁ [ nh{gﬁeg out er S’Eeatﬂgl%g %ﬁ&
referred to athat maytbealifficult donicontrob and exclusde fedm \gearded ﬁnhqnenctyhmmsasmm)cdie

devi ces 18 ar&@é@ﬁ ed on the exterior of the outer sheath 15, the
el ectrical ‘may be referred to as wet units 30. The wet units 30

are preferably seThefrequencytdfehe poosker diatribntionedignal is preferabin ehasen within tliﬂrangst

oo var i ousby BERTES PENE el bl " phyniel Sufe b cfhoud b el
i £ e ot e o s st

ot hgr ?unct i oﬁ'g’“’ée&’ ig 9@?‘? fre?‘sﬁ“&%@% s&@&é’?%f‘cﬁ?%?’é’?fﬂh@h?m%\’m
optical 15 raﬁamﬁmxgmmﬁ@gi fréqtehcycdfdbout 64 KER Qs beeh fSARo gmwxélmtcﬁt, it

may be desirable to divide one or npre functlons into two_or

el ectrical de9paeionalcharagterigtics whew utilized &9 fransfeg Powerte ad?'“’Bl‘de "ﬂRBAmts 30 in

conpass/ hagdi g whddiwaks cdblé'2, and acoustic rangi ng devices 12A nay be
configured as separate in-streanmer _units within the underwater cable 2. In

many enbodi nent s, Althengh) the fiequenry afthespain powes sigral may gr vagionsly §g¢3guaqdeas
| evel i ng/ dept B 2RucdSfERW, %ﬂﬁ%ﬁ?s%x@b&ﬁénﬁ?uuﬁﬂ@ J;@a&'asemmfe?f 11,

and acoustic rangi ng devices 12 and are di sposed on t exterior of the
sheath 15 as a@powen signal Jgvings %gﬂkrfmnc]emm cvpled rhmtl)eme&xp rwet afnits) ¥iaj anes

T o o B B ol A SRR 628 00 off e e

devi ces, db bimpractical toomwer thclwmmmrii@ feom ﬂnnmdcmn@s cable 2 without a massive core.
However, by converting the main power signal into a higher frequency, power distribution
signal at spaced locations within the underwater cable, it is possible to efficiently couple

power to the wet units 30 even where a low couplihg coefficient is present.
As discussed above, transmitting power at a relatively low frequency along the main
20 power line allows the power to be efficiently transmitted to the aft end of the underwater
cable. Converting the lower frequency main power signal :to a higher frequency power
distribution signal allows the power to be efficiently distributed from the main power line
to the electrical devices. This is especially advantageous where the electrical devices are
mounted external to the underwater cable and power is inductively or capacitively coupled
25 through the sheath of the underwater cable without any connectors physically penetrating
the sheath. The high frequency signal inductively couples power through the sheath far

better than a low frequency signal. |

The underwater cable power conversion circuit may be variously configured
depending on the operational environment. For example, if the main power signal on the
30 main power line is a low frequency AC power signal, the underwater cable power
conversion circuit may comprise a cyclo-converter or other device which converts one AC
signal directly into another AC signal. However, in preferred embodiments, it is often
desirable and more efficient to first convert the low frequency AC power signal on the
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25 control the depth and/or orie
el e L.C3 devices 2 N C3 a¥a " cat-g ald-—-a ate
dry-end el ectronics 5 on board the survey vessel 8 over one or nore
conmmruni cation channels. Part |: Power Distribution/Conmunication Structure
Referring to Fig. 3. a power distribution and/or data comrunication system
20 is 30 shoW‘?ﬂ”B?’Gck diagram formwi th the physical rel aFFHHEM}280 t he
marine seismc data acquisition systemof Figs. 1 and 2 illustrated as
dashed- | i nes. main peeer;line intp aPC sigasisad thente conveg the DCsignakintora high ffrequency

i nclude a contye® ‘gfrqﬁ&ﬁ&ﬁ{on?s;gnﬂr_\d a main power 19 WO 97/ 11394
PCT/ US96/ 15128 s ?p y 22. The "main power suphplé 22 is preferably coupled to

ahnai nhpovvel;r line rime\mnfémmummvm wg. 1.leac inderseatericable pawer qpapersion

t t b . R

Iol L?;Ei t?uoi r(epgat-%qghgg'ﬂ@%é% ig(? ge ;ﬁi&iﬁgﬁl{vsgogg%égﬁéi%é %_l e_i
ength of the (a8 emthent. & ACa0rl _3lgad&imy : PCesigriahamlcs sesond power circui

Cpca 1 cati on 20fe PhiSlgaRk rieric, dhnal (P5LRRES il SHRRRY b (V) o,

a plurality ofWheredie ntnnmpdcmch:xerig‘;li int?ldas ?megngnsz?igfahgggng::ﬂegirﬂm;o omit

Cr anam sa1 on, T Gt Bvey Hgul L sPgpiy, 1t SROBRER P AR08 b 1R 22, B b

transm ssi on, elitrically ednhbaekdifeety o he setohd powerdirtwit 52, and MInkeuM equahthe DC

encodi ng, ta decaqdi ng, clock recovery, error detection-correction, signal
filtering, **andPYFr #B™ar chi cal | oad shedding control. The main power supply

22 may supply eit hfrsofe edibobiments! iCiay (1R dd3Rabl@itd" lipfitVile current supplied by the

underwater cable power conversion circuits. In these embodiments, the current limiting

nt ati_on of t_he underwat er cable 2. The

alassaNia 4 a a¥fa - ala a aya a

function may be variously configured to be positioned at any location within the
underwater cable power conversion circuits 50 and/or at other locations. In some of the

15 preferred embodiments, the first power circuit 51 includes a DC current limiter which
serves to limit the current supplied to the outbound data and/or power distribution lines.
The second power conversion circuit 52 may receive a carrier clock signal directly or
receive a carrier signal after modulation by an optional encoding circuit 56. If the
encoding circuit 56 is utilized, the encoding circuit 56 preferably multiplexes data onto the

20 power carrier signal input 54. Further, the encoder 56 may utilize one or more clock
inputs to synchronize the data/power signals with one or more system clocks. One
example of an encoding circuit is shown in Fig. 9 where the modulation scheme utilized is
binary phase shift keying (BPSK). Accordingly, the encoder 56 may be implemented by
an exclusive-OR (XOR) gate 70.

25 In embodiments, such as those shown in Figs. 5-6, where power may be distributed
to two power distribution lines respectively located in two adjacent cable segments, it may
be preferable to include an additional second power circuit 52A in each of the underwater
cable power conversion circuits 50. The second power circuit 52A may receive a carrier
clock signal directly or after modulation by an optional encoding circuit 56A via carrier

30 input 54A. The additional second power circuit 52A may output a power and/or data
signal to one or more couplers and associated electrical devices 18 via a second set of
power distribution lines.

The repeater circuits may receive operating voltages from V2 of the first power
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line 23. Were the underwater cables 2 extend over |ong distances, it may
be desirable 15 for the main power supply 22 to output either |ow
frequency AC or DC power and for the main power line 23 to use a relatively
heavy gauge wire. Many underwater cables 2 utilize a main power supply 22

configured towygraydesa mai n AC power signal having a frequeneyuseéndiat ween |
and 4 kHz onto the nmain power line 23. In many applications, the mai n power

line 23 incl udgsyiP oM bnd'BF VV@M&E@EQ@{]&S&%@&?&M’ &E' %feabc en tﬁel%The |

heavy as 8 gauge WiTe and veral ousan ers |n
control procesWheredlie repeatére requise| multiple lbﬁaohtys.t onecal mda/DCdQCmnvanetm&

underwat er cah red on
each end by Hfb@%@é @#}3&1&&2&3&@#%@7@’ @%)V%gﬁgntsw'ﬁﬁéaréj RO i ne
may be up to ﬁiitﬁumﬁlmaymsvndeemgtdr miorel DO rolapésyV3Ie¥4A0t i nterface to any
Erbodi ment & dat o THEyHEAES aif PPRE spirsion g S0 et onsout e 56 g
enbodi nen ata nORHOPAL e
of up to 64 khmeqranbﬁol @hgs SSAlbﬁi@dilﬁUertﬂé powerO 8ot Biision Nelicuit | S0efraihi merditaapwh er
receivers may phe utjlized as the _interface cjrguits 27 to_int ace

control proce ribusipn diges. 1, WF%M@M’?&‘N @E?Pﬁf"éme‘f mF’ﬁi"té‘?s‘éce
circuits 27 nailiz@fr td §Rredsd HRM it g&ehvtaé Japowed distributiéd finé e tiilfa® oo A
(CCITT V.10) and/or the EIA RS-42 gCCI TT 30 V.11) standards. The

repeat ers 25A-tansfer plong thectable: segments 4 emEple it gy ey desifably toincrease the or
pover di st §o buongge td bedwéeh RWBM2400 Vohs! Qﬁd‘bﬁfﬁﬁlﬁt&m P@-Eﬁ@ﬁO@b@l&n%d

running substantially throughout the underwater cable 2. The d
conmuni cat i on <VE® mess preferably tpchetween 3Gand 100 voits, and most preferably to about 42 volts.
PCT/ US96/ 15128 transfers data between the control processor 21 and a

plurality of electrical devices 18
As the wire size of the data/power distribution lines becomes smaller (e.g. as the

wire gauge increases), the voltage on the data/power distribution lines preferably increases
in order to achieve the same efficiency. However, there may be a lower limit to how
15 small a wire may be utilized before the voltage increases so much that the power
distribution signal begins to couple to the remainder of the underwater cable electronics
(particularly into the hydrophone circuits). In some of the preferred embodiments, a
voltage of about 42 volts on the data/power distribution lines having a wire gauge of 26
AWG provides sufficient power transfer for up to about 3 watts, preferably about 1.4
20 watts to each of two devices, without adversely impacting other electronics in the
underwater cable 2 and while maintaining a high power transfer efficiency.
The wire gauge for the main power line 23 and for thé data/power distribution lines
may be variously configured. For example, in exemplary embodiments the wire gauge on
the main power line may be between 2 and 14 AWG, and preferably between 4 and 12
25 AWG, and even more preferably between 6 and 10 AWG and most preferably about 8
AWG. By contrast, the wire gauge for the data/power distribution lines may be between
20 and 36 AWG, and preferably between 22 and 32 AWG, and even more preferably
between 24 and 30 AWG and most preferably about 26 AWG.
The underwater cable power conversion circuits 50 may be located in any suitable
30 location in the power distribution and/or data communication system 20. In some
embodiments it may be desirable to distribute the underwater cable power conversion
circuits 50 along a cable segment in the underwater cable 2. For example, a power
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sel ectively disposed along the underwater cable. In Fig. 3, the electrical
dew ' ein ' ' | '

As previously discussed with regard to Fig. 2, the wet and in-streaner
units 30, 31 may be variously configured to 5 include, for exanple, a

conpass/ headi function, depth control function, acoustic ragin
functions, an 13Pfer functions. Each wet unit 30 is pref%?'g?ﬁ’g"ﬂ%pl ed

to one of the data/power distribution line(s) 28A-28C using a wet unit
coupl er 16. SiCANYexsiPn Ccirquit may b lopqted ineach fepeates angd/or gachcoRBl®f- v coupl ed to

one of the data/ pQugsmélembbdifihts Offcirbéifting) ar’aifierwiter Lable boRer bolversionadiRiit

coupler 10 32. Again referring to Fig. 3, a plurality of couplers 16, 32

are di s pozed ;ﬂ)dnga@ epupler b6dZ may minimizgtnoiss in theainderwetst pable. o Fig: 1§ showp aner
het and. i n st EDUmet bt i e dRothdhe afl Sl oS PR Etvertindhclln

t hg g?te asﬁg{ &0. Jo ks enehiodimdnb showsrin Fig: & tlt_e&quﬂa:s(pgeffma{gualﬂem’em) may (bagihn
P e rmny or-onyREsto BB g0 ileaiBY 1, o4 Wiy bR ok R AL Bt Gt
PRyl iy g theg b dhosipmvatniy e s e atat waggbn

| some ottt meibly BoeRGley 1 S0GCEnaER: sHOGt Sl BB bE Augpadrt af;
34 at the end thd dith erahstert radaif dnoane andlbowtbdunt diata O MTHei dedkSPenetBor citciih§9 may

underwat er cahle 2. The termnating circuif 34 is preferably configured to
provi de prope?"t’@)’ﬁ?’ﬁgﬁ%??“’fté}‘&%é‘ vstal o8- di stri bution 1ine(s) 28A-28C.

In alternative enipdie@ibodimddt Shovai il Fig! 8 Ntie Chupléts (e.84 sEddid *bSplerOR"”, 32°)
configured to transmt_ synchroni zati on information and/or idle 25 signals

al ong the dat Mayobsesontiguted;as a tWonindyctor couplomwhergcfor| examplg, power; and gthaupgd o

enbodi ment 5 g4 MRPOSEuBled 15 AN BRENEH déGBS 1S Hiing!S Firdt coff and Mbb@id BAEmay be
adjusting circuit as discussed below may be utilized to term nate the

out bound dat a/cpeRled toAnalactnical deyice| §Bjising a second coil. The carrier input 54 (not shown in
Fig. 8) of the underwater cable power conversion circuits S0 in coupler 16’°, 32'° may

receive a signal directly from the outbound data line or indirectly through an encoder 56
(not shown). If data from the outbound data line is to be encoded via encoder 56, a
20 carrier clock may be input into the encoder 56 from any suitable source such as a second

clock generator circuit S9A (not shown).

Distributing the underwater cable power conversion circuits 50 to respective
locations proximate to each of the electrical devices 18 has an advantage in that the
amount of noise 'generated by the power transfer to the electrical devices 18 may be

25 minimized. However, the configurations shown in Fig. 8 are less preferred in many
environments due to space constraints within some coupler configurations which can make
it difficult to include the power conversion circuits within the couplers without the use of
custom integrated circuits.

Fig. 9 shows one embodiment of the underwater cable power conversion circuits 50.

30 In this embodiment, the data input is shown being gated by XOR gate 70 with the power
carrier clock. The output of the XOR gate may be input into the power conversion
circuits 50. In embodiments where data is not modulated on the power signal, the
unmodulated carrier signal may be input directly into the power conversion circuits.
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whi l e the i nbound data/power distribution |ines may have a resistive
termnation. In Fig. 3, the data and/or power distribution |ine(s) 28A-28C
are shown generally 30 and may conprise any nunber of physical
connections. The distribution lines nmay be variously configured to include
an optical, swoaghgsefded, and/or bal anced el ectrical connegdrRiesfswist her,
the configuration shown in Fig. 3 may represent a hal f-dupl ex or

ful |- dupl ex Syst erfpe GO GiHdotulafldclreie SikDE #ri e KOR a6 76 i plolebhily

devices 18 to t-he WO 97/ 11394
PCT/ US96/ 15128nmwnt@nmvmwﬁ¢r E% apd rmy-m@rtmﬂaffeedltdjsmed withiauthe nowen"

Sg\clll gggalér ﬁgy g?éer r ie%sét?g Eﬂeb g%%fsﬁmf ;ﬁe%e%&g{e?g%?dgwaeach
??tng/ EO\évte:a di mmnnmw.ul;@mgmmmymxa&mgﬂr%m bﬁeotmmw_&h&er@{“@e i
i nbouné ang9 M%O&?’aﬁﬁ @hﬁ é‘ﬁ ?ﬁ%g@ﬁﬁ%{ﬂ&%ggﬁdﬁg%ﬂ%ﬁe@pﬁ% it

F: ?]ter ;bgt Ie(r)nn !'l{he&:(ug)xtbgﬁthreg?ﬁbmﬂy Tocoptroksthe switdhing of ttansistars 78074, awhiel ini tpine

syst emywher e ocﬁf“g%ﬁthﬁ Hﬁ?‘éndeiﬁ‘dln?{ol’ imsy H S{Sté'ﬁu onséei%%; g#@{ ead&ﬁ?&%ﬁk WI ne

[ ne(s) 28A - 28C gay be a dual | ihe.syst o hay ﬁat o phound data 10

di stribution Iine aa%l‘gﬁoaa@md&gvﬁﬁﬂﬁ §F PRe,&m gﬁgﬁﬁw circuit

enbodi ment $0 i shoWh)in ngb@esmmbhlmsﬁaemuhwman &e@ewe:rcmmrbﬁckqm @ fRiqhdiey
t he i nbound and/ or [

d data distribut | tively, each
ot a/ pover i <tHGkKEE GHe. 10N (B)prefesed cobbinagis, e Soihownd eee 5. ok mppliaed
i nbound data, BUKDRUGHe J6) ﬁay aadns&iwwaqwnoﬁér%@ﬂue@ywwm&:t & duR to

separate distribution Iine. I g. 4. shows an_enbodi nent where .t he
out bound dat a @ReFitHE leading gpﬁaq)thqfégpxqgé:onsxderanons It was found that modulating the data

onto the carrier using a data rate different from the carrier frequency band substantially

15 improved the reliability of the system, particularly where data and power are transmitted
along a data/power distribution line. Accordingly, data may be transferred at a rate of
about one-half of the carrier frequency, and preferably about one-quarter of the carrier
frequency and even more preferably about one-eighth of the carrier frequency ,and most
preferably about one-sixteenth of the carrier frequency or less. When data and power are

20 transferred on the same line, transferring a data signal at a substantially lower bit rate than
the center carrier frequency of a power signal provides for high power transfer efficiencies
while maintaining reliable communications. In the illustrated embodiment, data is
transferred at a rate of 4 kbps (Fig. 10b) which is one sixteenth of the carrier frequency of
64 kHz.

25 Power transfer efficiencies are influenced by a load resistance at the point along the
data/power distribution lines where the power is extracted and by the capacitance of the
line and the bandwidth of the signal. Due to capacitive coupling and a relatively high load
resistance on the data/power distribution lines, the RC time constant of the outbound link
may be relatively large. Accordingly, high power transfer efficiencies and reliable data

30 transfer may be achieved where the ratio of data transfer rate to power transfer frequency
is maintained at about 1:2 or less, and preferably about 1:4 or less and even more
preferably about 1:8 or less, and most preferably about 1:16 or less.

One technique for transferring a data signal and a power signal on the same line is
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mul ti pl exed together on a single outbound data and power distribution line

38A-38 M-le—nbound-dat a may-be—di-s hut-ad a—single i nbound data line
39A-39C. In nmany of the preferred enbodi ments, the power distribution
and/ or data communication system 20 is configured as showmn in Fig. 4 using
a first tw stgi %ai% wire for each cable segnent of the 20 _out bound

dat a/ pover di St2TBI%0on 1ines 38A-38C and a second twisted BEFPSMWIFRS or
each cabl e segpent of the inbound data distribution |Lines 39A-39C. The

enbodi nent sh phags shift keying, (BYSK), &sshown in Fig, 9the PPIK speedst may, simpiy be
this enmbodi megh Yo gfe sudhe XOR gitk 7e.nq\me§rmf]ya§xihﬁgmmﬁ of {he batPuS froMthe

lines while still naintaining a data channel ha a relatively high
bandwi dt h. 25XOR gate ) ds showa i Kig. 16c.c A showrein Figs 1GcHa change in the ourbopad data,

and/ or data c ' ' W&Q‘# RoTe Y ag&t‘e ; Wi Fﬂfﬁ nd
data, and powg iras?tﬁ?%ﬂgg(t&i%% I nes. E’Fs co%??g r at %%ﬁg%e useru IP%F
syst ens whiSch theeoutbound| datajpowenaignak outputdter thet powee disteibntiontlinets) iin epeh kabite
out bound and i |f%g&ﬁq§(§g,m¥\/@% Ch.l | 'ﬁ@&“ﬁ%m%?ﬁ“]nérge
power require s,{lg%% or re gﬁa |f?2§‘aFﬁmék&?Jg%ﬂﬁ%P a separate power
30 line nay ransformepSabbests the putputtveltageonrtheidata/poswertdistnibution digesta pbent 4dMd

either partially ﬁref%eﬂiil yly%]eg%e&%é Sl Yl ices 2R afe ﬁ.ﬁﬁ{}l?’gl&tﬁogﬁh

exanpl e, each cabl'e se nt=may i two or rnore power drs
lines. As ill wstheadaerdpower Mdistribution tinds| e¢heselgpenival devides prefetably finctude anneleciiical

WO 97/ 1139 . . . . . PCT/ US96/.15128
second pové’r GFues POSYRTicYRvit $Q, e cqnvertipg the-AC signal recejued @‘EB&H‘&CPI%iBT 47 ks &
distribution IDMesgndll, Althotigly theedavidespadweri cichit miays poSatiodsly comfiputdd; Sh thed

second hal ves of each bl e se nt,. respectively. In,.this configurati.on,
the Tengt - of cBbefmetapsunied R B | th 1 REimpont ciruir 8 Tnchidls resdrning
capacitor 65, a full-wave bridge rectifier 61 for outputting a rectified signal, a low-pass
filter (e.g., a smoothing capacitor 64) for filtering the rectified signal into a DC signal,
15 and a voltage regulator (not shown) to regulate the DC signal at a desired voltage. One or

more DC/DC converters (not shown) may optionally be included to provide DC outputs
having differing voltages.

As shown in Fig. 11, where data is modulated onto the data/power distribution lines,
it may be desirable to separate the outbound data signal from the power signal in the

20 electrical device, for example, by using voltage divider 62 and comparator 63. The
resonating capacitor 65 produces voltage square waves at the inputs of the full-wave
bridge rectifier. These followed by the comparator produce a very reliable recovery of
the data waveform. The outbound data signal may then be output to data communication
circuits such as data encoders and decoders.

25 As discussed above, it may be preferable to transmit a power distribution signal on
the data/power distribution lines utilizing an elevated voltage in order to enhance power
transfer efficiency to the electrical devices 18 and particularly for inductively powering the
wet units 30. However, this power transfer may produce noise which can have an adverse
impact on other systems in the underwater cable such as the hydrophones 7.

30 It has been found that by limiting the bandwidth of the frequency spectrum of the
power distribution signal on the data/power distribution lines to occupy a band which is
different from, and preferably spaced from, the frequency band used by the hydrophones,
significant improvements in the hydrophone signal-to-noise ratio can be achieved.
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reduced by about one-half the Iength of the cable segnent, with repeaters
di sposed on 5 each end of the cable segnent supplying the power for about
one-hal f of the electrical devices 18 di sposed al ong the cabl e segnent.
Reducing the length and current requirenments of the power distribution

lines by hal f wisewhsids for nore efficient power transfers agergsoksélesti on
In the size/weight of the wire utilized for the power distribution |ines

41, 42. \Were My t @al e
cable 10 segrrlg%i?t ﬁ{egeter mlﬁgﬁ?\q{éﬁc{cﬂﬁ% ﬂﬁ‘%r‘r'% @ge ﬁ% %’g provi dﬁé
proper termni nmu%bMMmsh@hbﬁ'm Wmﬂﬂbfgr dlowiewers ithhas been
enbodi nent of qﬂg“ Wk

repeater 25A {?E@ I'S pre agetl’%)t ?ﬁﬁ%&epea (i?ggtg al ongdaa ri rrrary
dat a channel Msmbmtdﬂmsandr’wunplaymgeldmmmﬁltetalnwﬂlﬂs Mineansnit acoustic
hydr ophone data 1 0. _the ntrol pr r 21 e | mar,y d I
48 may i ncl Ude flm&bﬁcgc“g@t%g@?gﬂgﬁ@é?gﬂ aﬁ?‘ﬁes-s& R qéé&@agﬁp%%an@%c.
mgy be aﬁnnﬁctaﬂutMmtewomlﬁsseaﬁdaemdﬂm pdfém?llpcahmn mghetérbm-ima, aridwadst)

46, 47 ich co ca sone or,_ali of t wet and i trea units
30, 31 i 'spos TSN, o A0 m R af esti it 5 postfle" R pA sack a8 F AR
the cable Segnaﬁthbd&nrmeslaeadumpaqﬁm didhidint hhemigae@tmmam filkee rusingd
of 20 the cableéﬁsggetbmeg%mcaqagwth ab t hal f oftw?ls\ggt E"

i n- st eamer uni ¢iem Hioytees 3 eFepment F‘e"@%r‘?‘é‘?‘l‘f vyeleagthof; ¢
dat a/ power 1gi Sgheigawet @ittribufiés lind s fulaﬁmwoa@l iniGRé) thain| dne ritR iR whveldnigth ofthet he

secondary data/power distribution i ne‘lﬁ 3 distribute data at a
rel atively sl opewessawiersighalnybiar example, wvherethe,datajpower distribution lings|are 200 meters

exanpl e, the SgCERART ¥ il flefriMVESr the Powértidbrie elghmesmwx ﬂéhﬁénb} *f qaegremer
nore twi sted 25 palr: coEﬁer wires to transmt data and power di scussed

above with regthpeabout 30QkKHzat Ander these gprditions, a digiributed, @Befs"('m\bﬁ cvwmtg%w
The repeaters gafl weofrequehty SRcimh II6 pdwerNighi B bé dhiBidb MK nFdROHo

ot her data managenent functions for formtting data transferred between t he
primary datld chamdhel 48 and the secondary data/ power distribution |ines 46,

47 depending on t hgpdoREQCRE Svitd! lehgth,Sle Wwirthe hfWABE! fridheddy AR & distributed
' filter technique. Lower frequencies have the undesirable effect of requiring bigger and
heavier coil cores to achieve adequate power transfer. _

The power/data distribution lines, driver circuits, coupler transformers, and

20 electrical device electronics are preferably operated as a tuned power transfer circuit. Fig.

12 shows a Thevenin equivalent circuit for one embodiment of a power transfer circuit 79
which includes the distributed filter technique discussed above. The equivalent Eircuit for

one embodiment of an output or driver section of the underwater cable power conversion

circuit 50 is designated as block 80. In the illustrated embodiment, the Thevenin

25 equivalent circuit for the underwater cable power conversion driver circuits 80 includes

voltage source V,,, an inductor L1, a resistor R1, and a capacitor Cl. The inductor L1

and capacitor C1 are discrete components which may be utilized to adjust and improve the

filter characteristics of the distributed filter. Resistor R1 represents the internal resistance

of the inductor L1 and the other losses in the power conversion circuit 50. The equivalent

30 circuit for one embodiment of the power distribution line is designated as block 81 and

includes series connection of R2 and L2 followed by a parallel connection of C2, R3.

The equivalent circuit for the parallel connected couplers (assuming all couplers are

inductive) is designated by block 82 showing resistor R4 connected in parallel with a
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30 The conflguratlon |Ilustrated I n F|g 6 may be useful in systens

comuni catlon channel) has SUffICI ent excess capaC| ty to accommdate t he
additional data to be transferred between the dry-end el ectronics 5 and the
el ectrical deyices 18 An advantage of the systemillustrated in Fig. 23
WD 97/ 11394 WO97113%4 REYPEWPF15128 6

is that the secondary data/power distribution_|ines span onI y alimted
di st ance over smescmulrawmmsmwrmmustegmuwm%@ elr3e

the Tength of jhdiGeriae cEEtRRE. IRh{oR® Witfuded Fsbrialing 1&@&%@: R‘~?

than the cabl e segnent, data rates nay be |ncreas and wre size re uced
wi t hout adver ¥ig.\l })rrpactl ng power and data transfer with 5 the electrical

devices 18. In ea ﬁ@g d&ﬁ&y %w Penin
communi cati on sysﬁlﬂm po 'S prg%ra y d| st ribate ?J%lﬁ]n e e
hi erarchi cédl equivalet ciratitishowniin IFig. 13 isrconfigpoag=the power tyansfer Cipcuit mgeaon@e abot s
or base, the i i k: | ':;mt | on
i ne(s) 28A- 2@%%&@@&“‘2?@#&5@'%&% s‘ﬁﬁ%‘k’gr ancﬁf@g d%% gac d
coupl er 16, 3filtétr)prefexybly d4 baxddpaskdilter, venteetl anthe daerientifregoeney. |0nqmnamblee¢f aith
the trunk and extend al ther to | 8
or towar d | he FEenEh iropasg pEAE phl e cfpl ABerol @B hy FIE 7 BB BRI o,
etrrblodi mdant enP?lomeddhehd7xbe l%l?paﬂjﬁmhg thé :unqictlraadsﬁsmibnwdnpb dfugetersgﬁf%ls
utilize e or_ data i 0 es rraca/ e isqla rom
each ot herl an&°ﬂ?‘g‘&wd@ff‘\a}‘ ling, s W "ﬁcﬂsé#;% ‘gi‘:‘% iés v
bar T cul ar 82%%“3&2%%’3?““’”’*%‘?2““"“*@?2‘*?‘? ooty oal “‘é‘tv‘;‘ 2”2““‘%““'9 ]
transferred aCegred abayt ﬁ‘F\éﬁ V\ﬂmg Wlf[ﬂqpﬂ'r‘fqug ggﬁaﬁﬁe
frequency, thymidtdfing W sifficienfly @miﬁ k:ﬁtndff to avoid coupling any significant energy from the
power distribution signal into the hydrophone operating frequency bands. |
15 The outer sheath 15 of the underwater cable 2 may have a plastic jacket having a

thickness of approximately one-eighth of an inch. Accordingly, a large core gap may

exist in the transformers composed of couplers 16 and wet units 30. A conventional

transformer has a coupling coefficient of about 0.98 or better. However, transformers

utilized to couple the power/data distribution lines and the wet units 30 may have a

20 coupling coefficient of as low as 0.1 or lower. It was found that if the data/power

distribution lines are designed as an electric wave filter, e.g., a three-resonator bandpass

filter, it is possible to incorporate the transformer into the filter and thus to increase the

power transfer efficiencies between the power/data distribution lines and the wet units 30.

Again referring to Fig. 13, the three-section bandpass filter may, for example, have a

25 center frequency of 64 kHz and a two sided bandwidth of 8 kHz. In this configuration,

the data/power distribution lines will transmit 4 kbps BPSK data on a 64 kHz carrier
without distortion.

The right hand portion of Fig. 13 shows an exemplary frequency band in which the

plurality of hydrophones operate (often referred to as the forbidden bands). The forbidden

30 bands may be variously configured to include one or more frequency bands, preferably

distinct and/or spaced from the frequency band of the distribution lines. In one exemplary

embodiment, the forbidden bands reserved for hydrophone operations are the integer

multiples of 128 kHz with 500 Hz guard bands. Accordingly, in such a system it is
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coefficient for a given coil core weight, c) the circuits for converting
the main power signal into a high frequency AC power signal can be the sane
circuits utilized for 20 transmtting data, and d) the power supply,

circuit cards, and housing of the existing SEMs can be shared with the

repeater circwddmifem nimze the wei ght and conplexity add@(ﬂ.,ﬁggs,#iﬁ
underwat er cable systemwhile transferring operational power to the

el ectrical dey , L ' | Sk.ributio Uni.t s
25 The abo @led'elggécoﬁ‘lﬁg%'ﬁ tg%%#&é&st’#?bm hogérfdghgmg asq@%’%ih?aﬁ on
systens 20 na\signal foaavoid thetfesiuéney thamisaseld fordrydadphenenopelationof Thé dhresisestion
desi gned to enhance power transfer efficiency to each.of.the electrical
devi ces 18 ang’aﬂ‘&afs’lg aw ‘{eﬁéf‘iﬂe@ 6% S lcﬁ% %atgeése:barngevcto 4
coupl i ng coef fpralemineddow tevelopl e, referring to Fig. 7, power conversion
circuits fof use ip. the . above descriped e | nent.s ar.e shown.in detail.., As
30 di scuss‘{ad aboVelr® ?ﬁ“’ﬁ?‘ﬁ f%% %g'f'}g)fﬂgfr i ?%B’I’ilgﬁsf'?ofﬁcﬁa‘faﬁiepm%pl y
22. Preferabl ypréfeablyed lowdlvsetable avirlg d dissipaion fictorqnisnaied Withindow! toleransesDC
0o PSPV e G b el R oo i o SR
o a plurali &
. PCT/ US96/ 1512&owef uhskérQircait, 6 ¢biitfol e ﬁfbc{&?ﬂﬁ%in@bﬂﬂﬂ filRF, 41l icd miisinile powee
23. The power distribution and conmuni cati on system 20 nay be varjous
configured to [

fi Ipssdn thecdagaipowes distributien Jinssdue (o capasityesrpupling tg;other potiops: é?

any nunber 1®f |naelate?3i&koNg the underwater cable 2. Were the underwater
cable 2 includes streaner electronics 5 nodules (SEM s ,. the underwat er

14
cabl e power converbpisallnithe updeswatercable W%@&di%-ﬂé’)s%@FWQ)M‘e By
the SEM's, but, fjs§ SBieREGE HMterial G578 Hfidabt/ Bhd/ the RRGHE Rad'h diksipatidiChactor of about

0.01 or greater including, for example, about 0.1 or greater. The lossy dielectric material

may be a petroleum based material such as an isoparaffin solvent (e.g., kerosene), a wax,
15 a liquid, and/or a solid plastic material. If the lossy dielectric material is a liquid, it is
preferred to have an outer sheath 15 disposed about the underwater cable 2 to contain the
liquid. If the lossy dielectric material is a solid, the outer sheath may be formed of the
solid material and the solid material may extend throughout the underwater cable 2.
The lossy dielectric material is typically utilized in an underwater cable to provide
20 buoyancy. Any liquid, solid, or semi-solid lossy dielectric material that is less dense than
seawater will suffice to adjust the buoyancy of the underwater cable 2. One problem with
distributing power through a lossy dielectric material is that the lossy dielectric has a large
relative permittivity. For example, an isoparaffin solvent may have a relative permittivity
of about 3. Thus, by filling the underwater cable with a loSéy dielectric having, a relative
25 permittivity of, for example, 0.1, 1.0, 2.0, 3.0, 10.0 or inore, the capacitance of the
data/power distribution lines may be changed. Research_ has shown that even with
excellent insulation disposed on the power distribution line, the loss due to the lossy
dielectric may be prohibitively large, particularly when using twisted pair wires, high
voltages, and high frequencies. In many embodiments, it was found that the presence of
30 the lossy dielectric caused the efficiency of the data/power distribution lines to be
degraded to an inoperable level. _ '
Research demonsirated that this problem may be overcome by placing an outer
plastic jacket or sheath around the insulated power distribution line. For example, where
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SEM s. Further, the underwater cable power conversion circuits 50 may share
S o—of—al—of—t-heir—circut ry - Wteheth gt P42 b-— RO porat--ng—t-he
power conversion circuits in the repeater circuits and | ocating the power
conversion circuits in the SEMs enables the 10 power conversion circuits
to share common circuits/circuit cards with the repeater circuits. Thus, -
the overal | wWNQHM¥Ad cost of the power distribution and cBRHHMM6AHE on
system 20 may be reduced, Alternatively or additionally, sonme or all of the
power conver sthgslatainowgr distributionylines aresinplsted Bvisted pairs wirgse p quter sheathapan ke and

di sposed al ONgighdag of 8 ualafed tvisedpair C REAef Oﬁgﬁ%sfg?éﬁfﬁ,ttﬂéuﬁiwﬁer 15

Each underwat er” cabl e power conversion circuit y converts the

mai n power si ¢pbld 2 isrshown disposed podeswater $famtfillediwithoa Josswediclentee matsrial $h In

Si onal ray ¢ e AR TR optwaild Ui6e 2 Abetpdc 4 RufiRF S alpni of M |
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di stribution giigerlinsufafed vehg Wheath 88 ower frequency power distribution
signal requires a heavier core_to provide the sane power transfer

efficiency as a |lngfrms of theopislezted, smphodimentsy the. opter Shrathc §3 JAYenot be placed

distribution gogRAbata fifC&h A9 linbound ddeh QistribBBSERRY 421 14 BRnp 8Pfications, there
distribution signal was the sane as the frequenc e nmai n_power_signal,

t e of th er_si,
e.g., 2 kHz, ™eybpan neerbforsy low lessreble;os atjn@te@é@p\gleronwmnaom datrodistribption ps
nmore massijye § i iGN ClEhingted Lt W o @ N reSis@RG beditse?
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may be diffi ceApacitapcarypically dogsaot hayegtochetsontrolied to the same level as when power is

being distributed. Thus, a significant reduction in cost can be achieved while still

maintaining highly reliable data transfers on the inbound data distribution lines.
Fig. 15 shows a longitudinal cross section of the data/power distribution lines 38,
20 41, 42, 46 including the outer jacket 83. In preferred embodiments, the power/data
distribution lines with the outer jacket 83 have a dissipation factor D less than about 0.01
and preferably less than about 0.008, and more préferably less than about 0.006, and even
more preferably less than about 0.004, and most preferably about 0.002 or less when
surrounded by the lossy dielectric material. The outer jacket 83 is preferably configured
25 to space the lossy dielectric a sufficient distance from the power/data distribution lines
such that most of the electric flux lines stay inside the outer jacket 83 and do not stray
into the lossy dielectric where losses may be generated. This further prevents an increase
of line capacitance due to the high relative permittivity of the lossy dielectric material.
The coupling loss coefficient for the data/power distribution lines may also be
30 determined such that the above described distributed filter produces the desired filtering
characteristics since specifying the thickness of the insulation also determines the
capacitance. The power distribution lines are typically specified in henrys per meter and
farads per meter. To achieve a highly reliable filter, in some of the preferred
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| engt hs because of | osses, e.g., due to |oading and cabl e capacitance and
skin effect of the 25 WO 97/ 11394

PCT/ US96/ 15128 underwat er cable. Further, a substantially higher frequency
power signal generates noise that may be difficult to control and excl ude
from guar ded fpadyaeEyY bands used by the hydrophones. The fp9Rid6dASKksOf the
power distribution signal is preferably chosen within the ranges 5
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power to the wet units 30 even where a | ow coupling_cqgefficient is present.
As di scussed ¥Woipgulation#3om the; tisted pair wires themgglyas; \/Byrther, fhe opter jacketS3aisong
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the aft end of the ‘underwater
dissipation factor D as discussed above. Conventionally, jacketed/insulated low-loss

twisted cables have not been utilized to distribute power to electrical devices in underwater
15 cables.
Extensive problems exist for inductive couplers disposed in underwater cables. For
example, the underwater cable 2 has limited area to accommodate the inductive coils due
10 numerous support, electrical, and optical cables as well as electrical devices 18
disj:osed within the underwater cable 2. Although ccnéin coil core materials are
20 preferable from an electromagnetic perspective, these core materials have been found to be
prohibitively brittle. A brittle core may cause reliability problems when the underwater
cable 2 is retrieved and rolled up over one or more steel rollers 9 on the survey vessel 8.
Further, alignment problems often occur as the couplers are assembled and disassembled
in the field. For example, the core in the underwater cable may be misaligned with the
25 core in the wet unit. An alignment problem can often severely reduce the coupling
coefficient of the coupler. Additionally, where more than dne coil is associated with a
particular coupler, cross-talk among the coils was found to be a problem. Further still,
even a single coil may couple into the hydrophone lines and adversely affect other
underwater cable systems. Accordingly, substantial research was directed toward defining
30 high efficiency inductive couplers suitable for use in providing operational power to
electrical devices 18 disposed in underwater seismic cables.
Referring to Figs. 16-18, a first preferred embodiment of an inductive coupling coil
90 for use in the couplers is shown. As shown in Fig. 18, the inductive coupling coil 90
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cable. Converting the |ower frequency main power signal to a higher
frequency power distribution signal.allows. the power to he efficiently .
distributed fromthe main power line to the electrical devices. This is
especi al | y advant ageous where the electrical devices are nounted external
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circuit 51 entirely. In this enhodi me he main o r line 23 ul d be
embodiments, it may be desirable for the irst planar su 3 to have a ro ed shape

(

such that the first planar surface is contoured to about the same curvature as the inner
surface of the underwater cable 2. Further, the second and third surfaces 94, 95 may be
15 substantially flat. '

The winding direction 98 and configuration of the coils is preferably precisely
specified. Precise windings of the coils may minimize cross-talk when two or more coils
are placed in close proximity, increase power transfer efficiencies, and minimize inductive
coupling to the hydrophone electromagnetic system. These precise windings may be

20 particularly important in underwater seismic cables where operational power is inductively
coupled to the wet units 30.

Substantial research has been directed at determining an optimal inductor/coil core
configuration. Referring to Fig. 17, paint dot 99 indicates the coil orientation with regard
to cross section A-A shown in Fig. 18. Fig. 18 illustrates a winding direction 98 of the

25 coils. In exemplary embodiments, the winding direction of each coil is preferably the
same (either clockwise or counter clockwise) with respect to paint dot 99 in order to
facilitate correct installation.

As shown in Fig. 19, it may be desirable to include two or more coils in close
proximity to each other. In this embodiment, coil A 90A may be utilized, for example,

30 for transferring outbound data/power to a wet unit 30 and coil B 90B may be used, for
example, for transferring inbound data from a wet unit 30. Paint dot 99 may be utilized
as a reference point to illustrate that it is desirable for the windings of coils A and B to be
in opposite directions for controlling cross-talk. For example, the windings of coil A 90A

37

SUBSTITUTE SHEET (RULE 26)



el ectrically connected directly to the second power circuit 52, and V2

woul d equal the DC 10 power signal. In sone enbodinents, it may be
desirable to limt the current supplied by the underwater cable power
conversion circuits. In these enbodi nents, the current limting function
may be vario P}b.,,gﬁgjigured to be positioned at any |ocati Qapisbdisprst he
underwat er cabl e power conversion circuits 50 and/or at other [ocations. In
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(XOR) gate 70wirebize that is sl therlitsbutionl tifiesadR, 300IR préfervéd dnibodirtins the 6,
where power may be distributed to two power distribution |ines respectively

located in tvTa&MEcMEY @_gfﬂ" é’_ys%’réw_t’s or more AWGe I tames abthe mere; prefepgd an
addi ti onalg S emddintehl eachi th Wirk issifinlieP tiA Gl abcih® disRbafigPfugy. cabl e power

conversion circuits _50. The second power circuit 52A may receive a carrier
clock signal dir bheigboynd data &ap wisei ! bisinseferahly sauniest ook wenndaapung the pergii ¢
56A via carrigieoilds o0Wead dédfphated lbﬁxea.ﬂfy BLONAnnsesPMhe wiftikds dFicol B bo@ﬁ.ﬁygay

out put a power and/or data signal to one or nore couplers and associate
el ectrical debg vasipusp configuzeds dheoyinding: wiss isppyeferably; wire haying arwire gauge of 36

rzgpeat er Ci 1 CAWC of Biealel Ctld e fRRBIy 38 AW A 5RARS, AdaibrdéSpréterablye3d WG opover
15 pgreater, and most preferably about 32 AWG. The number of turns of blue wire BLU may
be variously configured to match the frequency of the data transferred across this coil. In
some of the preferred embodiments where the inbound data is transferred at 64 kHz, the
blue wire BLU preferably has about 353 turns.

The outbound data/power tap wire 110 is preferably coupled to wire wound around

20 the core of coil A 90A and designated red wire RED. Although the windings of coil A
90A may be variously configured, the winding wire is preferably wire having a wiré
gauge of 26 AWG or greater, and preferably 28 AWG or greater, and more preferably
about 30 AWG. The number of turns of red wire RED may be variously configured to
match the frequency of the data/power transferred through this coil. In some of the

25 preferred embodiments the red wire RED has about 158 turns.

Under certain circumstances, the power transferred to the wet units 30 may still
couple into the data distribution lines. However, it was found that this problem may be
alleviated by including a bucking coil 112 (green wire GRN) electrically connected
between the blue coil and the inbound data tap wire 111 and physically wound around the

30 core of coil A 90A. Although the bucking coil may be variously configured, the winding
wire is preferably wire having a wire gauge of 26 AWG or greater, and preferably 28
AWG or greater, and more preferably about 30 AWG. The number of turns of green
wire GRN may be matched to the anticipated electromagnetic coupling between the two
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circuit fromone or nore voltageregulators and/or fromone-or nore -DC- DC

converters. Were the repeaters require multiple DC vol tages, one or nore
DC-DC converters 53 may be optionally provided to supply one or nore DC
voltages V3, V4, or the first power circuit 51 may provide one or nore DC
vol t ages V3A, W@H/11394 The underwat er cabl e power convePSIEB¥6a512E it 50
may optionally include one or nore transformers 55 to isolate the power
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power |ine 23 and for the dat'a/ power distribution |1nes
of the underwater cable 2 with the coil B 90B disposed in a second pocket 122 of the
15 housing 120. The housing 120 is preferably formed of a substantiaily rigid material such
as a plastic or metal alloy which has sufficient structural integrity to protect the coils 90A,
90B.
The pockets 121, 122 may be variously configured. In some embodiments, the
pockets 121, 122 may fit tightly against the coils 90A, 90B. However, in some of the

20 preferred embodiments, the pockets are slightly larger than the coils 90A, 90B to permit

some flexing of the housing 120 without adversely affecting the reliability of the coils
90A, 90B. The pockets may be sealed from the remainder of the underwater cable.
Further, the pockets may be filled with any suitable cushioning material such as a foam,
high viscosity oil, grease, gel and/or other spongy substance. It may be desirable to
25 configure the cushioning material to urge and/or position the coils toward the outer sheath
15 of the underwater cable to minimize the gap between coils S0A, 90B and coils 129,
130, respectively. In embodiments where the underwater cable 2 is filled with a Jiquid
lossy dielectric material 87 (e.g. kerosene), the pockets 121, 122 may be in fluid
communication with the liquid lossy dielectric material 87 or, more preferably, sealed

30 from the lossy dielectric material.
As the underwater cable 2 is rolled up onto the survey vessel 8 and over one or
more steel rollers 9, tremendous forces are exerted on the underwafer cable 2. The
housing 120 disposed about the coils 90A, 90B may protect the brittle core 92 from
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may be variously configured. For exanple, in exenplary enbodinents the wire
gauge on the main power line may be between 2 and 14 AW5 and preferably

between 4 and 12 25 AWG and even nore preferably between 6 and 10 AWG and
nost preferably about 8 AWG By contrast, the wire gauge for the data/ power

distribution Ry be between 20 and 36 AWG and preferqil en 22
and 32 AWG anéﬂ%éen nore preferably between 24 and 30 AWG ang}ég&}ﬁﬁ%
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Details of the wet unit housing 128, the coil housing 120, and the coupler 116 are
15 provided in one or more of U.S. Provisional Applications No. 60/004,203, filed
September 22, 1995; 60/004,209, filed September 22, 1995; 60/005,500, filed September
22, 1995; 60/004,493, filed September 22, 1995; 60/004,494, filed September 22, 1995
and in co-pending International Application entitted Underwater Cable Arrangement by
Andre W. Olivier, Brien G. Rau, and Robert E. Rouquette, filed on the same day as the

20 present International Application and herein incorporated by reference. '

The coils 90A, 90B may be separated by any radial angle ¢ 123. Electrically, an
angle of 180 degrees provides the optimum noise immunity between the coils. However,
in some embodiments which include an odd number of stiffening and/or power cables such
as the five cables 84 shown in Fig. 22, another angle may be preferred. In the illustrated

25 embodiment, an angle of about 144 degrees is utilized and found to provide the greatest
noise immunity while providing the highest coupling coefficients and/or minimal core
sizes for use with five stiffening and/or power cables 84. Further, where the wet unit
housing includes two halves, an angle of about 144 degrees between the coils may allow
both coils to be disposed in the same half of the wet unit housing. .

30 One problem with conventional core configurations is that the coils can not tolerate
any substantial misalignment between the coils in the underwater cable 2 and the coils in
the wet unit housing 128. Experimentally, it has been found that a coil will typically
tolerate a misalignment that is equal to about the width of the pole face and a longitudinal
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be any suitable circuit such as a crystal oscillator. In the enbodi nent

S h M M n . n .
configured as a two-inductor coupler where, for exanple, power and out bound
15 data nmay be coupled to an electrical device 18 using a first coil and

I nbound data may be coupled to an electrical device 18 usinq’a second coil .
The carrier i nS@°"8%% not shown in Fig. 8) of the underwat er: r
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signal, the unnodul ated carrier signal may be input directl P/ i nto, the power

conversi on ci r substantiallydlat faced coil configurations and particularly the triangular shaped coils have
demonstrated excellent reliability and power transfer efficiencies.

A longitudinally sectioned view of the underwater cable 2 having a single coil

15 housing 122 disposed in coupler 16 is shown in Fig. 23. However, the couplers 16 are
not limited to this configuration and may be variously configured to include any number
of coil housings. For example, Fig. 24 shoﬁrs a Jongitudinal cross-sectional view of a
coupler 16 having a plurality of coil housings 122A, 122B associated with a wet unit
housing 128. Figs. 23 and 24 show one or more chambers 131 within the wet unit

20 housing 128 which may include the electronics for operation of the electrical devices 18.

Fig. 25 shows another embodiment of the coupler 16 in which the wet unit housing
128 includes a plurality of coils 129A-129G. As with previous embodiments, coils 129A-
129G may include cores 126A-126G and windings 127A-127G, respectively. Any number
of coils may be utilized as, for example, three, four, five, six, seven, eight, mine, ten,

25 eleven, twelve, thirteen, fourteen, fifteen, or more. In the illustrated embodiment, seven
coils are utilized in the wet unit housing 128.

The embodiment shown in Fig. 25 may be advantageous in that the housing 128
may be coupled to the underwater cable 2 in any circumferential orientation without
significantly impacting the power transfer efficiency between the underwater cable and the

30 wet unit 30. This arrangement may be particularly useful where the coils 126A-126G
within the wet unit 30 rotate with respect to the underwater cable 2. To achieve complete
rotational tolerance, the coils in the housing 128 are preferably spaced such that the

distance between adjacent coils (e.g., between coil 129A and 129B) is less than the
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The nodul ated or unnodul ated carrier output fromthe XOR gate 70 is
preferably input into inverting buffer 72 and non-inverting buffer 71

di sposed within the power conversion circuits ‘50. In enbodi nents where data
is not multipwgr@dipipt o the data/ power distribution |ines, ghasegisignal
data input and XOR gate 70 may be omtted with the power 5 carrier clock
bei ng i nput dike s ' ] : a non-inverting buffer 71.
The out put of cgrﬁgﬁ%ﬁe%r‘gﬁd 1, Zbﬂgﬁﬁgf%qg;ﬁéwgts%hi ng of transistors 73,
74, which in turnWheona plwralithef eoils breunidizeds iit-maynbl desirgbietorinclidet # semitsplidhor
signal on the Le Skl N b vl L bhAl L@&dr am
for the operatcg%hﬂéggp%}%@ ‘géﬁ%i%wg# ?Egﬁcalr@cgﬁa{ k%oédﬁg\kll%%l 1??1 ﬂpg"% In
the illustrat eddeddpppbirtrent, the power carrier clock has a frequency of 64

kHz (Fig. o f d Lnents. th ta. (8. 0., dat
Toaul at o By XoR JH SErEaERaRRon vERBR the s JORTAE shin £ 75 BB e
povve][ ca;lri ﬁrtvdﬂaasl}?ctoﬂm_ odtdti \&garlmdb)t@g f?ﬁdmtihﬁgtramim eﬁbtﬂiniant aWh?ashe | t
.found that no at.in a onto e cargjer usi a a .
Griterom 11 oeemisat aois g olf st B ubibandl iy axt il Teqtier 198 s,
reliability ofindhiRRs gi68t£D1A{DIG, DAA-BRGY DhaidDA atAAfilettapaent 131 @ coupled to
transmtted al ong a datal/ power distribution ling. Accord I daﬁgmtapy be
transferred atthtoptRueolote amtinnyh Sitlypve Rridge H@'&’&F rlgér A b&g&éﬁ’&?, fytput
pref er abl yijabgitim ¢ier Gébiﬁigcﬂrn‘i’fis Fé?erﬂﬂi _rshﬁilied icﬁ%?@%p?é}dvoﬁxmﬁrs (not

preferably about one-eighth of the carrier frequency, and_nost

r ef er abl
about one- si xtsBewmHopsupplyingda ppwer tp assgeiated webyniy elecironipy eﬁ“@&?@p%%bbh%?/

are’ 20 transfRihdéh Giing Vgl diBidr 133 anld coMpdrRtbr 1310 Mbslidakl ffiPbe &upRd to
substantially ower bit rate than the center carrier frequency of a power

si gnal provi daBe plyrality ghcqilsWi2fAt REGyeincarperatings plusalityaf pesond windingsi 138A-
reliable CO”“W?E%‘?‘“ ons. In the illustrated enbodi nent, data is transferred
at arate of 4 ps (Fig. 10b) which is one sixteenth of the carrier
frequency b¥ 64 kiBeferrigg to Fig. 2Tomnother pitgraste embpdimenteolc the scoupler 1A fis ishowrd

by a | oad resi@;e%lﬁ'g Mﬁr @%]95 xﬂéhﬂﬁg, lropgxample, an inner integral core 140 disposed
in the outer sheath 15 and the electric device 18 includes, for example, an outer integral
core 147 disposed about the outer sheath 15. The outer integral core 147 may be disposed
in a wet unit housing 128 to cushion and protect the outer integral core 147 within the
20 coupler 16. The inner integral core 140 preferably includes a hollow passage 141 having,
for example, a plurality of fiber optic and electrical lines 141A passing therethrough.
The inner and outer integral cores 140, 147 may each include a plurality of

extending sections around which a plurality of coils may be disposed. In the embodiment
illustratgd in Fig. 27, the inner integral core 140 includes four windings 146A-146D
25 disposed about four extending sections 142A-142D which extend outward from and are
integral with the inner integral core 140. Similarly,' the outer integral core 147 shown in
Fig. 27 includes four windings 145A-145D disposed about four extending sections 148A-
148D which may extend inwardly from and are integral with the outer integral core 147.
The inner and outer extending sections 142A/148A, 1428/1483, 142C/148C, 142D/148D

30 oppose each other and respectively form pole faces 1-4. |
In exemplary embodiments as shown in Fig. 27, the inner integral core extending
sections 142A-142D and/or the outer integral core extending sections 148A-148D may be
contoured to match the curvature of the underwater cable 2 to increase the coupling
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dat a/ power distribution lines where the power is extracted and by the

capacitance of the line and the bandw.dih of _the signal Due tg capacitive

coupling and a relatively high | oad resi stance on the data/ power
distribution lines, the RCtime constant of the outbound |ink may be
relatively large. Accordingly, high power transfer efficiencies and

reliabl e data Y¥@97113¥nsfer may be achi eved where the rati o BFTH8ESIBanst er
rate to power transfer frequency is maintained at about 1:2 or |ess, and
preferably aboeefficieat.oThe exsendingcportians may ralsobe dn the fprny of: runcated drigngle with a
and nost pref W Qiffack: : | ferring a
data signal and a pog\;i\gr SI gr?é@@%ﬂ#ﬁé&gg%q %Sﬁgl?és%r&ﬁ&v%i)%%lww

PCT/ US96/ 15128 bi riar snamh applications: thec goilsg shiosmSig Fig\s2E maaynbé radwiniagecus oves

BPSK encoder Wags] RYi X .

timng diagr a%ﬁi‘%é’ﬁ?ﬁ%% W?gg@“ | g’@}éﬁo‘\%ﬁ“i’éﬁﬂ%’eg@l@?&m
shown in Fi§. akéx, Thus ki flax line ¢dufiguratibroalloavs dat excallenptiedupling betwpannabdls firo the
phase change of .the BP igpal. Fig. 10d.shgws one exanple of 5 the

out bound dat a/‘H&?ﬁBP‘%i"gﬁ‘é? B E‘t‘“t‘g"?"ﬁ'e“‘ﬂ‘& t distribution line(s) in each
cabl e segnent aft eTheciargrl bere Y0 iy ifdide myamehber glexténdingsoetions (¢.ps from 2
preferred enbodipents, transforner 55_bqosts the output.voltage on th

dat a/ power di s'Pr%d{"Pﬂﬂ‘qgl %Q‘Ct%f)ﬂf WAy o ﬁ%f"@"?’&ﬂ'&’% eﬁbge’ai ,mg/\ﬁ@ﬁo%ach
of the el ectriwhbredR infe@tal t6redial onl§ AUigle/Riry woRMPAro6hd dach BteriliigdePivRs then

distribution lines, the electrical devices preferably. include an

| ectrical
10 devi cel®ovibe integral icpres mayo ptilizs any, evepgnimber of exjending %&@Fvegﬁ!efeoﬁ?ch

couplers 16, 3giniiHg0143A045D TH6A-1461D MBS tWd6r MBI WiResD RV lpréTerabléith dispysebe
variously configured, in the enbodinment illustrated in Fig. 11, the device

power circuit 90nsightyshdeeny oF BB eRITHINEsEpions abnut s intgeral gare.wave bri dge
rectifier 61 for OpfPikhainpRRD aft ihtegral EbreCha¥ing T6hr exderldfhy fR&ohs allows up to three

wires to be wound around each of the extending sections in a manner which cancels the

15 mutual coupling among the windings such that multiple signals may be passed using a
single integral core. _

For example, Fig. 28 shows a circuit diagram of a three-wire, four-pole face

~ configuration which is configured for canceling and/or controlling the mutual inductance

between the wires. In the illustrated embodiment, for each pole face, the windings in the

20 underwater cable 2 portion and in the wet unit 30 portion of the couplers 16 are the same.

For example, wire A may have windings on the first and fourth pole faces wound in a

first direction (either clockwise or counter clockwise) and windings on the second and

third pole faces wound in an opposite direction in both the underwater cable portion and

the wet unit portion of the couplers 16. Wire B may have windings on pole faces one and

25 two wound in a first direction and the windings on pole face three and four wound in the

opposite direction. In this manner, the configuration of the windings of wire B cancel any

mutual coupling of signal B to wire A. Similarly, wire C may have windings on pole

faces one and three wound in a first direction and the windings on pole faces two and four

wound in the opposite direction. In this manner, the configuration of the

30 windings of wire C cancel any mutual coupling of signal C which may be coupled to

wires A and B. The winding directions allow for mutually orthogonal signals where half

of the windings add signals and half of the windings subtract signals with respect to every

other winding except the intended signal transfer winding. Thus, none of the voltage from
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filter (e.g., a snoothing capacitor 64) for filtering the rectified signal
into a DC signal, 15 and a voltage regulator (not shown) to regulate the
DC signal at a desired voltage. One or nore DC/ DC converters (not shown)
may optionally be included to provide DC outputs having differing voltages.
As shown in Rigeshles Where data i s nodul ated onto the dat appp&sensias

di str: b]lcjtion hl nes It may be desirable to separate the outbound data

si gna romt [ C oy b
usi ng voltagég “?2 cli(;mrr{ggéa@'c o‘gﬁ%ﬂgﬁf‘{gg%ﬁs\f Egé’a t?r}l"% y
produces vol tangé: smdamne o@!hes'ohagetftmn sigpal tG; appears oo Wlmhawd\l?e Epmgggnals

rectifier. sg fo h
recovery of t&f B ﬂ%%ﬁf"g{r‘# %ﬁ‘e ou r%ﬁ%”@a@a&égl F%X ‘ﬁeehﬁ&b%@/out put
}A\g g?tsfél ggmglmilg&aﬁtl umbet bﬁmmhngsu?iﬂms uua-:’mngmddeacch othet. dbcmglrelr applied to

u abo erable to trans S on
signal on hew%&wmmlwﬁ @F"@HH?PR& %YW%WJﬁ%QWevaP%‘{ P’?gge
in order to Q{p?&?ﬁgoﬂ(ﬁ’iﬁfs B ird"Gf @he afaghetic dlag YintDaskduiatal with windilgs de\B,@ed 18
and particul a for mdué{ll Velg%ﬁ%h% the wet units 30. However, this
power transf&f wayesa?%'aﬂz have an adverse inpact on other
systenms in the urgEi@mphbe’windidg ecsifiglirationst Mbichy diap pbeo rsaitable 80 use with | thehas

been found that by limting_the bandw dth of  t freque f~th
power di st r| bepabadiment glﬁaf‘goﬁst‘ﬂ@’ aatsawa&md i &P‘?lFb'ut |i’8 h‘f‘fgs‘&‘t @um uBy 2

band whi ch "’ﬂ E{] lof e Te§RctiVeSHifis o B, SR LT Yk fifsOdirectibs, dntl & B nmyl
band used ydr oplfones, significant | rovenents in the h&/d .ophone
si gnal - t o- noi 66091'9&011'0“"@&1@8%@{ the Fespecaive wires A, Byandy6/in am gpposite secod direction.
PCT/ US96/ 15128 Heretofore, this has been di ff| cult to achieve while

mai nt ai ni ng an adequate data

Pole Face Pole Face

Table 1

15 The above winding configurations shown in Figs. 29A-29C and in Table 1 are
exemplary. A winding inverse to that shown for each pole face may be utilized for any given
wire. In this manner, there may be eight different operative winding permutations. For
example, in Table 1, the wire winding direction for wire A @y be inverted as A A A A.
The inverted wire winding direction for wire A may be utilized in conjunction with the wire

20 winding directions for wires B and C shown in Table 1 or their inverse. Similarly, the wire
winding direction for wire B may be inverted as B B B B and utilized with the wire winding
direction of wires A and C or their inverse. In general, each of the wire winding directions
for wires A, B, and C may be inverted individually or in combination such that there may be
eight operative combinations.

25 The integral core embodiments of the coupler are very advantageous and represent a
significant advance in the efficiency in coupling between a wet unit 30 and an underwater
cable 2. In the illustrated embodiment, the wires for different signals may be placed in close
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communi cati on bandwi dth and a high efficiency power transfer. However, it
has—been-f ounc 2seprobl ens—pay--be overcons-—- lmtingthe length
of the datal/power distribution Iines and by enploying a distributed filter
along these lines. 5 When each cable segnment is limted to about 500
nmeters or less, and preferably about 400 neters or |ess, and even nore
preferably abﬁ'&’t”ﬁmprreters or less, and nost preferably abRstWUSP§Y12Rt ers
or less, it is possible to treat each of the data/power distribution |ines
as a |l unped papreximityandesharecm single dond oviilg raveiding isiguificant mutabinghudtance betwpangthe
el ements di stry ; n e ITelocTan) t Ahskhthne
wavel engt h of W@E@gﬁ@fﬁ% tshtgrl utt?on I noeoﬁgéglrdg eratf?g/lg 0 ér}-ore tﬁgﬁ

one tenth the andfordamepnmupicationsyptemap icimproved and pavwer ragsfer efficiensyl 8 inofgesade

the data/ poverpyhgt hbdie @0 ghdchtaS @' e gﬂl@&éai@a&v%@%e Pole fade area, the

preferable for t _e’%g’:(er carrier signal to have a frequency of no greater

t han about 310Gowaing bewween the inner-and ontar earesis substantially ipproYedd filter can be

construct ed whi ch qnk Nhdesrai f Ra¥ RPadabied B Fheilih® 8 ¥wnay dfombe
1 kgl e SRR RSB Ol Dog Susal

out si.de the hydrophone a 5 bands’ onger the wre ngt h, the

| ower the al | cmbpdiments of thernnderwater, gable pawer disibation qnd/or datacompMniGHon SYHHR
frequenci es hajge fdixuffle ligrmbh in totié mah podee-lifial roh 10 RainAfohel 6 b e
e

coil cores to achi eve adequate power transfer. power/data distribution

lines, driver PROWergistribution sigsplfrom opgf the Auta/gowes istritytion, jigas¢ Fignal B max be: the

el ectroni Ciy ardatbahuf diatsiindl PR bt Fdhesutbdund ARisRMURON lified) Sl RignaliC fildy be thEi .
12 shows a Thevenin equjvalent circuit for one enbodi nen{ of a power_ .
transfer circuphounddatysignalifram the et units 30 tothe Widprvgter icFlil%F‘bP‘EE‘fﬂ?qu}g“b““‘m

di scussed abo\iges The equivalent circuit for one enbodi ment of an output or
driver section of the underwater cable power_conversion cjrcuit 50 |sS

desi gnated as bl oSl gther embadiments arg aljq possidle. Fprocrampley in thefourrpple embodiment it

equi val ent ci rfidyite deifable i@ utilize SHIYWARIA GaRintfer) Qbekarfif}é)\poiwer Aid ottboifddata and
circuits 80 includes vo}et ?rge source V[err], .an inductor L1, a resistor R1,

and a capaflt ! guridslata with-yire Comifted eptirelt 41 e discrete
conponents whi ch 1Bwbolithekts hhvidsh infgalidns kllow e lefith @F thelcoils in the axial direction

to be reduced over the coils shown in Figs. 16-18. For example, the length of the coil shown
in Fig. 27 in the axial direction may be less than 7 cm, and preferably less than 5 cm, and

even more preferably less than 4 cm and most preferably less than about 3 cm. A substantial

20 reduction in the length in the axial direction helps to improve the reliability of the coils and

reduce the instances where the coils crack due to bending of the underwater cable 2 when
moved over the roflers 9.

The integral core couplers may be particularly advantageous where the underwater cable

2 has a main power line 23 including two or more conductors. In one embodiment, the main

25 power line 23 includes four main power cables routed directly through the integral core 140

as, for example, shown by the main power cables designated as 84A - 84D in Fig. 27. In

these embodiments, cables 84A - 84D may also perform a stiffening function as well as a

main power distribution function. Due to the high coupling coefficient and the geometry of

this particular coupler, it may be possible to eliminate the high freqliency data/power

30 distribution lines and power conversion circuits in some embodiments., Thus, in these

embodiments, the main power line 23 is coupled directly to the couplers 16 by passing one or

more main power cables through the integral core 140. For example, main power cables 84A

- 84D may transmit four alternating polarity main power signals. Thus, the wire winding

direction of, for example, wire C may be accomplished by simply routing a main power line
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filter characteristics of the distributed filter. Resistor Rl represents
the internal resistance of the inductor L1 and the other |losses in the
power conversion circuit 50. The equivalent 30 circuit for one enbodi nent
of the power distribution line is designated as bl ock 81 and i ncl udes

series connecty@ieaR2 and L2 fol lowed by a parallel connegliQienfind2, R3.
The equi val ent ci rcwt for the parallel connected couplers (assum ng all

couplers are ipd ggﬁ@&ﬁé wf@&ﬁ’ h
connected in parkflcﬁil?]J ﬁm‘d &%hg% r@ﬁmv&é“h&g@ﬁ 140 B
PCT/ US96/ 1512 etyeeen the evstmhmzi sectioph}2Asi42D and/or windingRI6ArI46D asishowa by (the main

mut ual i nduct L¢na %&"@s

i ncl udes reso?bﬁﬁng%%g%‘g%?& %r)ld%?tggsl stor §1€%PC “Eﬁlé {lgla*&aﬂe signal

i nportant aspedsrivest direnidy fsomdie maimpewesdinei r cui t approxi mated by the Thevenin
5 equival eit Ci I opjet 4Rl of Rurkén® o il TheCRBE! et REndultErsPRAMES4C TREISHEY

circuit to resonate at the carrier frequency of the power distribution

si gnal and corAltersates fog eachconsepusivg ¢onductar grqund thejintegzat °°fﬁr Wrepragicing he,wndisg s s

filter, centergodin COET Ot ifverst.” WAHCRRECousHRE afipeibie, aim%o&ereﬂuﬁmfevmm
response of the power transfer circuit apprOX| mat ed bx@ 12 is shown in
e

Fig. 13. As sHRSWS fipe 3 gas distributsd onaiBPewef eqndu then bg disariputed

parameters of ﬁﬁﬁﬁyirg ﬁ@%ﬁ(ﬂﬁ‘eﬁlﬂé Qﬁrmtblﬂid Q& dnit.E‘Qnﬁ&.n U8 ibterfiddiald Sedchliat§ S
of the discrete corrpolr'llents L1 M23, l Ctil strtfbut ed bandpass

filter mayl®e Rawssdptintien W’[‘H‘da“? r“ngfE'HWf bé‘Fﬂ!"’&'énf’%‘r wefhed, i Jessypigfers
di stribution shaiyambodiidents bedatise @ecin@Yral Gordk-are RthtivenZ heaf)i | € Mai nt ai ni ng a

sufficiently sharp_cut-off to avoid couplin nifi cant ener m
the power distri buﬁ‘gson"’ Ay v 9‘1‘ ﬁ‘if’dﬂ’%‘bﬂg 0'5’8% gﬁﬁf the
bands. 15 coild BEhE et it Ritdd Witll TesPéct toRe uidtOwateoable cahloeu;aermm ihadRs @
plastic jacket ha\aﬂly %ylmdncal housing 301 having a number of parallel bores. A central bore 302
15 accommodates electrical power and data lines. A plurality of circumferentially spaced bores
303, preferably about three, house cable stress members. A plurality of coil cavities,
preferably about six, are circumferentially spaced and preferably disposed in pairs between the
stress members. In a preferred embodiment, each coil cavity 304 comprises a dead-end bore
with a coil 305 disposed therein. Although a symmetrical arrangement of bores is preferred,
20 other arrangements can be used to accommodate underwater cable designs.

The coupler housing 301 preferably fits snugly inside the cable jacket 306. Longiwdinal
grooves 307 along the outside of the coupler 300 permit cable-ballasting fluid to flow past the
coupler. A race 308, separable into two halves, is fastened around the jacket 306 and the
coupler housing 301. A wet unit 309 is preferably rotatably attached to the cable by means of

25 a collar 310 that mates with and rides in the race 308. Hinged joints 311 and a latch 312
which may have a quick-disconnect pin allow the collar 10 be separated at the lawch pin,
allowing the collar and the wet unit 309 to be removed from the cable and the race 308.
As shown in Fig. 31, each coil cavity 304 in the housing 301 preferably has an open
end 313 and a blind end 314 and houses a coil assembly 305. The coil assembly 305, as
30 shown in Fig. 32, includes a magnetic core 315, which preferably comprises a ferrite rod,
although other magnetic materials can be used. The magnetic core 315 has a high relative
permittivity, which is preferably above about 6000 and most preferably about 6500 or more.
In the preferred embodiment, the magnetic core 315 comprises a ferrite rod housed in a sheath
316, which is preferably slightly longer than the magnetic core 315. Bumpers, such as
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thi ckness of approxi mately one-eighth of an inch. Accordingly, a large core

gap_m.)L_exJ$f N fhe_LLansLaLIxELs_c.ompns.ed_gi_coupLeLs_La_ami_\Ael_unLLs 30.
A conventional transfornmer has a coupling coefficient of about 0.98 or

better. However, transforners utilized to couple the power/data
distribution Lines and the wet units 30 may have a 20 coupling coefficient
of as |ow as YO8 ower. 1t was found that if the data/poﬁ%?gﬁm§§F¥butron
i nes are desggged as an electric wave filter, e.g., a three-resonator

bandpass fil t &hastomeriq end hympers 347, trefain thesor 31 i ﬂrehlensm@m@mlmmmpﬁu@h@e
filter and thygy B@ﬁﬁ&nfsﬁ&kpfl‘ﬁﬁshe&ﬁ%ﬁﬁiﬂud@sfi Oﬁrﬁh&%f pairsif CitGifterehtil

power/ dat a drstrr utiton Iines and e wet units Again referring to Fig.

13, the three%@t?@nm&rﬂb’a@g@‘ .| Acsheatty uppers ring 319,j5| retaingdh batween the ridges of
frequency of Ggehidag. ame %dﬁ@%@ﬁ@ﬂ%ﬁﬁﬂad@fof&éﬁﬁenhﬁrﬂ%ﬁxmouwmost

configuration, the dat a/ power stribution’lines will transmit 4 kbps, K BPSK
data on a @4 Idiametes slighly srgater, han the inpide diameter qfbe coilyFavicn 304 The SURpert Jineti g

13 shows an exgoiRbep' the tore 318 RenterbP RCthe Ravidyi 308, &udKion tHé'cdkd 316 Fbm DAt Hames

operate (often ref erred to as the forbidden bands) The forbidden 30 bands

may be vari ouPrafect dhercop 3 i5dfrem tapetse) shosk doads.  Agread e 32 mEeferahiy yeaterproof,
preferably di ghafites theeeil AfsembIg 30§l i e Eadidy3ol mfwﬁﬁerpgmmg% cbdtt an interior

distribution lines. In_one_exenplary enbodi nent, .the forbi dden bands

reserved for Hi#8obHhesAd cHHE0AM Grecbliad end Bid. i AR Shrdng 21 pougted dn @ cirqupfesential

with 500 HD gygadoie ihelend GipC320Qedldihy cavity 304 HOMAMEY Hin@kion.t Ex@rndBwires Y2A-B
97/ 11394 PCT/.US96/ 15128

desirable to CoRRertdhs eoik windingsto fhe,psderyatey cahle’s H%"‘"Hoﬁ%q”“d?’ Spta; 3 ipbaynd daga, o

and the data $ines)dhe eRexiOvites! 22ATH préteeibHY e;&a@ad& cap 30/ aHdORRANRE to the
operations. The three ctron band §3f' L ter ” desr ﬂned to reduce the

si gnal energy cpil, windings, 331A-B.at fgnn&c 4" A sirain Tae from the exterior
side of the end cap 320 to lessen wire damage. The end cap 320 is preferably provided with

15 an extraction loop 324 to facilitate removal of the coil assembly 305 from the cavity 304.
Referring to Fig. 32, each coil assembly 305 preferably includes a plurality of windings
331A-B, 332A-B at spaced locations 325, 326 along core 315. A circumferential channel 327
may be formed between the pairs of ridges 318 at each end of the sheath 316. Each channel
327 acts as a bobbin to hold the windings 331A-B, 332A-B in place. An A coil winding 331
20 A, 332A and a B coil winding 331B, 332B are wound within each channel 327. The A coil
windings 331A, 332A couple outbound power and/or data to the wet units 309. The B coil
windings 331B, 332B couple data from the wet unit 309 to the inbound data lines within the
cable. The B coil windings 331B, 332B may also be used to couple outbound data to the
devices when operating in backup communications mode, as discussed more fully below.

3 may e

25 The windings may be conmected in any suitable manner. For example as shown
schematically in Fig. 33, the A coil windings on core 305 are electrically connected in a
series-aiding arrangement, as indicated by the dot convention. The A windings of each core
are connected in parallel with the A windings of the other cores. The B windings of each
core, on the other hand, are connected in a series-opposing arrangement to minimize the

30 mutual inductance between the A and B windings and thereby minimize crosstalk. The B
windings of each core are connected in series with the B windings of the other cores .

Referring to Figs. 33A and 33B, the reduction of crosstalk is illustrated by the flux
paths produced by each set of windings. In Fig. 33A, the series-aiding A coil windings 331A,
332A on a coupler 315 produce a flux that links the series-aiding A coil windings 331A’,
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predetermned low |l evel. 5 Wre utilized for the datal/power
distribution lines in each cable segnent is preferably a | ow | oss cable
havi ng a di ssipation factor nmaintained within | ow tol erances. The | ow | oss
cable preferably is configured to have a capacitance specified to tune the

power transfagogsfSey t. to control the frequency band of tgerikdehsizs and to
mnimze power | oss in the data/power distribution |ines due to capacitive

CoupI 119 10 OLKs A b8yl ford 1 LK B0 0, Tt Gl dly o 6

underwat er cabl'e 2 ossy dielectric naterial
| ossy di el ect rcotes 3ds, é293¢taiip01¢§a¢¢ﬁ&’dﬁt 344:fex the Acowinding fiwppatihy oAs &W%Fi@a’ﬁﬁon

factor of abolihe Griddofinsiflf BYof 'wibdiigs 49181 %328 8 “@‘?W%’f"eum UYrodbod a Pax that

greater. The | 0SSy ric materia ased nmateri al
such as an |sdpdu gfefscmssmwmlie@lymdmg%a 8588 Q%X’et%cm@%%cﬂm‘s

and/or a sogid ibfto thd bo léﬂ@eslﬁ%%‘ﬂﬁl!@ﬁsrof&e%fcerdﬂird e face

liquid, it Ts pre erre to have an outer di sposed about the

under wat er cabis formed betwesnitag windings 3314 and331B;for fhe B winding fvxpagh.  Because e flux 5
is a solid, t LindiRps #26n Y SRE diectiol GnrdRgH d.eréaksrh@hetamhg&ie

solid material® may ex¥endﬁthroughout t he underwater cable 2. The I

diel ectric matioduced in the serjss-epposipg B yindingsy Conversely,rheeausgathe flux graduced by ﬂ\P/"ogi de
20 buoyancy. wiified Lsoc%bgsne 5 Uitetted Qﬁ eﬁﬁrﬂatfsdi lthedcdrlS 1Y it PRS is' ﬁddl@d i thel

that is | ess dense t seawater Wi ll suffice to adj ust the buo of th
under wat er 1@ absegiepaidigp A windiggse ninhistway; sropsialk bgtyigen 31‘% §§/‘5

di el ectri ¢ MRt idibed, S 1l 2feat Bt SRSEY o bMBE febislid twa pbﬁrfﬂ@s r @htodsioVeRts of
permttivity. For exanpl e, an isoparaffin solvent mag have a.relative

permittivity owindisgyfesut inTthiee polsfaces pg infiss, A3, hat sets of wipgines fepdlt 1 fpys sy

di el ectric havpgidfac 4s%h ng' 98, 248 gencRAly Mat Ni sets b’iwﬁﬁmgi fesulenaNPl pole @acts. 1. 0,

2.0, 3.0, 10.0 or nore, capacitance of the d 0 di st.r.i but

lines may be chang%ﬁm’Réé‘?é? £°n]9 a3 SRIRE ‘i’ﬂ%’f“’@?/g#a%%f ﬁe'é ‘qdéﬁtparah& with

i nsul ation 16i s e ¥EbiPHrchi® @Aﬁ&\@fresdmt Eitcliy Formed with @he dajritinos of tie@uthourkiiiata

It\cl)msz%/egl Sl’i?‘r:t ri.c may b‘gﬂﬂgﬁg&i bg‘é X I argwgaltbe;cul ar | er%p?wg E'lgpower

enbodi nents, | &amas 16 ekt uhiidt Ih benqsr mfemeemﬁodmm for use with a 200 m underwater
cable segment accommodating two wet units, the net inductance of the A windings is about
0.246 mH and the tuning capacitance is about 25.1 nF to transfer about 1.5 W of power to

20 each wet unit at 64 kHz. A net inductance of about 3.09 mH is preferred for the B windings

to effectively transmit data inbound to the survey vessel at 32 kbps.

Referring to Fig. 30, only one coil assembly 329 is positioned in the wet unit 309 near
the coupler 300. Preferably, the coil assembly 329 in the wet umit is similar to each of the
coil assemblies 305 in the coupler. The core of ﬂle wet unit is disposed in parallel with the

25 core 315 in the coupler 300 with the two winding positions sep‘araned in a radial direction with
little and, preferably, no longitudinal offset. In this way, inductive coupling between the
windings of the coupler 300 and the windings of the wet unit 309 is enhanced.

In the particular geometry of the coupler 300 of Fig. 30, the coupling between the
coupler and the wet unit 309 varies as the wet unit 309 rotates about the cable. Maximum

30 coupling is achieved when the axis of the core 329 of the wet unit 309 is equidistant from two
neighboring coupler cores 305 and not radially aligned with-a stress member bore 304, as
indicated by a first radius 335 in Fig. 30. Minimum coupling occurs when the cable rotates
relative to the wet unit 309, indicated in phantom, to a position in which the core 305 of the

wet unit 309 lies on the same radius 336 as the stress member bore 303.
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30 the lossy dielectric caused the efficiency of the data/power

di stributionlines to . be degradedto-—aninoperable-level . Research
denonstrated that this problem may be overconme by placing an outer plastic
j acket or sheath around the insulated power distribution Iine. For exanple,
‘where 34 WO 97/ 11394

PCT/ US96/ 15128VQRE1IdM,: a/ power distribution |ines are insul aPERUSHHIS128(
pairs wires, an outer sheath nay be disposed around the insulated tw sted

pairs. Referring tlbroomgs available incthe wet unit 309, the couplas 309,05 bethp additions] sayes may
di sposed underyyah&liled ﬁ?tﬂerthérhﬁgtﬁé"xﬁlﬂmﬁd Qupling CoSEiEdt! | For BRdnipid, @b siidém th"

sone enbodi nents, the underwater cable may’ | ncl ude a nunber of support or
stiffening 5 thoemiodingsnt of Fige}4, 8pair of @mre@rqaé%nushwe@w.l@p@mce@m
(e.g., main pwmébﬂgodﬁémbflpgcﬁ[ tion to an inbound data distribution |ine
43 and an out bound power/data distribution |ine 38, 41, 42, 46. |In sone
enbodi nents, the stlffenl ng cabl es 84 may be conflgured to transmt main
power to res)l ace gre/n o bR htioRSn Snefaliy’e 23. In preferred
enbodi nents, an out er Jac et or outer s 3 pref eraply Iastlc)

di sposed about th WM*PMP‘&“‘&P%‘WWP&H‘F? Visviees &f 0o

a twisted pai rejaprbfics\baHa€ Ra\frfed Wik né Sor | xh&ela‘mmmﬁbheﬁey%mﬂmg §£lﬁﬁhﬂihn§8

In sone of the preferred enbodi nrents, the outer sheath 83 rra%] not, be Iaced

around data | iRoushs fheipntice length, g the pnderwates, £3ble, 2  Hofvever, dhiy sorfiguration, may be

applications, dnkfRctoBywitn detritcpowet & diribGied bR B QAL 1ReOks dat). aFLeRthplabl e

on the inb nd data di stri bution | i nes because these_lines are ’
typically f‘gr ﬁmd"%ﬁwg r‘é%F’é"t'&ﬁﬁ’Em%ﬂ‘ upR. & ‘5&&"3 f°é § oAy make

typically does::ommniambﬁ dn@ ;mes:&aﬁsmldlmdult evdrrmemamﬁwm Wécdf&iﬁgly,pﬁmm is

bei ng di stribute us, a signific requction in cost ¢ be. ac |eved
whi | g still transfer co:mnumcan% d%lt orqmposmble using convennona? configuraty h

_ Another aspect of the present invention concerns improving the responsiveness and

reliability of the communication channels including the data/power distribution lines between

15 the survey vessel 8 and the electrical devices 18. Referring to Figs. 3-6, the underwater cable
2 may include a communication system with a control processor 21 controlling the
communications to and from one or more communication channels. As shown in Figs. 3-6,
each communication channel may include a plurality of repeaters 25 for transmitting/receiving
data. For example, each communication channel may comprise a first group of repeaters

20 selectively disposed along the underwater cable 2. The communication channel may be
variously configured to include any number of repeaters positioned at any number of suitable
locations within the underwater cable 2. In preferred embodiments, the underwater cable
includes a plurality of repeaters spaced along the underwater cable and positioned at about
equal distances from each other.

25 Where the underwater cable 2 includes streamer electronics modules (SEM’s) 14, the
repeaters may be disposed inside and/or outside of the SEM’s, but are preferably respectively
disposed within the SEM’s. The repeaters may be alternately arranged with the data/power
distribution lines to form a data’ communication channel. In this arrangement, the data -
communication channel is segmented by the repeaters. Further, the repeaters are interspersed

30 at spaced locations along the underwater cable and serve to relay data between the electrical
devices 18 and the control pracessor 21 on the survey vessel 8. In preferred embodiments any
number of couplers 16, 32 may be disposed along each segment of the communication channel
to couple electrical signals on the data/power distribution lines to an electrical device 18
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mai ntai ning highly reliable data transfers on the inbound data distribution
lines. Fig. 15 shows a |l ongitudinal cross section of the datal/power
distribution lines 38, 20 41, 42, 46 including the outer jacket 83. In
preferred enbodi nents, the power/data distribution |ines with the outer

j acket 83 havgv@%,%%gi pation factor D | ess than about 0.01 %H%Elgéﬁ{ ably
. : ; d

| ess than about , and nore preferably | ess than about even
nor e pr-eferabl% Iﬁss t.nan about .0

. 004, and nost preferaply about .0.002 or
e Thon sa rETHRICOTIAE 18 2 0miss: GRs] RRPl ceart sEag o s, LorBpmgasicn Shagpel 5
i s preferably manihtlode o, o, thirez, foyps dive] dbe, sevenssiginj sihes edn; brmerexofifiérs. Mien
di stance fromthe wer/data distributign line ch_that most. of. th
electric flux ﬁeggﬁrgf ﬁv%?’ﬁgﬂegg'%g ust&”f t°§g'§%§'ﬁ8°'ﬂ'8 %F’P&V?Fﬁl’o
t he | ossy di el mabexunsivt edth tHecable ssgnients. Din mpmp prefiéreed embodimertts) eichebmmusicaion s
an i ncreasecof _lin

the | ossy d? el sé"E?‘?'fqénCc asgtlyvltog{’] &ﬁ%ﬁg‘gﬁ%ﬁ?ﬁ%‘g&%@%ﬁ“ﬁﬁﬁﬁ' E)édlo%/elh&é% &L
dat a/ power di swonplblstmayrbelmuhl!led batween|saaedsive Bépeatetet &'hﬂtwoe@unlels h@ﬂiﬁ&u and/or
char act or i st i et ol B b wrery S RUi R uhed o B it ek B dloicy 15
determ nes the capiabas bear éund that Wnbfecing piovided byuoriecor mare eapeaters 23 Jimits fie effect
7ol 1 abl o fi1t ot o josB Sl Beip UM% i Gy hini Sefinbth 't
PCT/ US96/ 15&28cgaauﬁtujbfrrmat segmenteofcthe) idata capawnication charmg] donec o Aceasdinglyl, power
and the fi1 t or S oAk 15 Bbccilf oNREF I8 LA cofinfibin HRY A5
di stribution stagreahtinugx Fortherethe seuzpsmissiharnfmessage sighaistae pidetermined: leved by diker
o™, k") P b ) sl b 5568 Sy s
and allow reliable communications to electrical devices located along the underwater cable 2

15 aft of a detuned segment.

In some of the preferred embodiments, the repeaters 25 include encoder, decoder,
and/or data link control circuits 154. (See Figs. 35-36.) The circuits 154 may be variously
configured. For example, in some embodiments, the circuits 154 may sample data received
from receivers 152, 153 and retransmit the sampled data in synchronism with one or more

20 system clock signals. The system clock signal may be derived from data on a separate line or
from data on the inbound and/or outbound data distribution lines. If a clock signal is to be
derived from data on the inbound and/or outbound data distribﬁtion lines, the clock signal may
be derived with or without recovering data bit information. For example, by inputting either
the inbound data or the outbound data into an edge detector and then into a phase locked loop

25 (PLL), a clock may be recovered from the transmitted data signal. The recovered system
clock may be utilized to recover bit information by demodulating the data and then
remodulating the data prior to transmission to an output driver circuit. Alternatively, the
system clock may be utilized to simply sample data received from the receiver and to
retransmit the data in synchronism with the system clock without demodulation.

30 In some of the preferred embodiments, the outbound data received by repeater 25 is
sampled to recover a system clock which is then utilized to demodulate the outbound data to
recover outbound data bit information. The outbound data is then preferably remodulated
using the system clock. Bit recovery may also be performed in a like manner on the inbound

data. Further, the repeaters 25 may sample the inbound data from receiver 153 using a
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the power distribution signal includes relatively high voltages and
relatively high frequencies 1t has-been found that.the outer jacket 83

di sposed over the twi sted pair power distribution |line, renmar Kkabl y

i ncreases the power transfer efficiency particularly when the data/power
distribution lines forma tuned power transfer circuit. The 10 data/power
di stribution IYRE¥M4 preferably configured to include bot RCIASSASES
jacket 83 and insulation 88 on the twisted pair wires thensel ves. Further,

t he outer jacktecowsd lsbmm slork; agd thew retcansmit the |igbopar:data inssypehrorism with dhe

power/data dis Liflécﬂ pation factor D as discussed
above. Convent H)H?'I Jacﬁa% E&?I nsu ated [ owloss tw sted cabl es have not
been utilized to dh‘smeb the) resteatens 25 miay crlsp; inglyde additional wiseuitry for

cabl es. Ext ens*;éé-g: %ﬂ&ﬁ lﬁié'céﬁtroi ﬁfncﬁdﬁﬁ'kkfch'a!%nﬁpﬂb%ﬁénsmﬂloﬂ&?&ﬂoﬁ Bs well as

underwat er cab For exanpl e, the underwater ca ble 2 has imted area to
accormdat e3t hink Fasagemsns fngtions. (ﬁ?ﬁ“ﬁfoltﬂw&edh@ 18P dNCPTPORfecR: FHGTRCHMPUIST, BF

optical cabl SSotiér sifdblle coRrSl cBhifs! D theGEpebeRDS | En thefRAbBEmAAE, it May Bcdesirable
underwat er cable 2. Al though certain coil core materials are 20 preferable

from an el ect r BregioEn bi rs@vslwetemrv'ede foreexample,r erarcoEreqtign and/er, detastion for sacky
to be prohi bit el &rtgé fahﬁ coftniibichtion Chame Woﬁ@&ﬁa ik cafthol iclruil i a@'s

when t he underwat er Is retrieved and rolled up over one or nore

steel rollers DFPEAETIRAY ‘?Lﬁd\‘fm% RPRcations, whrse it la#?sgﬁl%m PIRYide, prEprsdetretion

occur as the Caidredorrestion BF HINMvAL aAd) Sﬁ’s&%ﬁﬂ&{ fifsi NEHbWARer, | it cOnfigudtions
exanpl e, the core in the underwater cable may be m saligned with the 25

core in the weWhighihave a separate commpnicatign chapnel hetvpen dhe dryorod sleptrpnics 3 @nd he

coupling coef f gjgieAeat dévices I8 répeiedsShich/iakhide @ Jink Yonwol @€ Bftéliless pheféifedbecausei |
I s associated with a partlcul ar coupler, cross-talk anong the coils was

found to be a P & aiditions) lawasy introduced hyothe packetigation.c gfrer FIECHON ARdior ATTeF

t he hydrophonedémae,sp@sgsa&ugh@eﬁmfré abr. Ot her underwat er cabl e systems
Accor di ngl

substantial rese rch d| re toward i ning 30, hi
effici ency)irr’nductl EPERIBRS 3P fdﬁ%"g‘ prgl/o5 43t E‘I‘ Y,
power to el ectwm&lydm&a Jl&rdkamenb tePeattfI23 wiay B¢ caﬁigsm@o optodte as a full

duplex and/or a half duplex communication channel over one or more signal distribution lines

{e.g., one or more twisted pair connections). Fig. 35 shows an exemplary embodiment of
repeater 25 configured for communication over a single line, while Fig. 36 shows an

20 exemplary embodiment of repeater 25 configured for full-duplex communicating over two
lines. Where half duplex communications are utilized, the repeater is preferably configured to
operate over a single line. Where full duplex communications are utilized, the repeater is
preferably configured to operate over two or more distribution lines.

Referring to Fig. 35, an embodiment of repeater 25 configured for half-duplex

25 communications is shown. The repeater 25 includes an inbound driver 150 for driving data
and/or power on a first adjacent inbound/outbound data/power distribution line and a receiver
152 for receiving data from the first adjacent inbound/outbound data/power distribution line.
Similarly, an outbound driver 151 may be included for driving data and/or power on a second
adjacent inbound/outbound data/power distribution line and a receiver 153 may be included for
30 receiving data from the second adjacent inbound/outbound data/power distribution line.

Fig. 36 is similar to Fig. 35 except that in Fig. 36 the drivers 150, 151 of repeater 25
are coupled to and configured for full-duplex communications. In some of the preferred
embodiments of the power distribution and/or data communication system 20, the system is
operated as a full-duplex system and includes an inbound data communication channel
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Referring to Figs. 16-18, a first preferred enbodi mrent of an inductive
coupling coil 90 for use in the couplers is shown. As shown in Fig. 18, the
i nductive coupling coil 90 36 WO 97/ 11394

PCT/ US96/ 15128 has a substantially triangul ar-shaped cross section and a

w ndi ng 91 wowrsleransdnd at | east a portion of the substantigdydiysesnsizs
triangul ar-shaped core 92. In sone enbodinents, it my be desirable to

| ud P Bisptssd ifolhddd
TS Bngul ar - Shad gﬁﬂ’ggg{lmopﬁbmq%ﬂe su stantlall Qimibﬁr Ao =

triangul ar - shape tri angul ar - shaped
core 92 preferdbﬂ}buh%lmsrmd an; oudand dat commuRication 1j inclpding) 2y plypality of

surfaces 93, 94, ,gﬁegdéﬂﬁmﬂaﬁegl mneéaahmrpi@ﬂﬁxrawmmumr&&tﬂum Vines.

| arger than the secon r third planar surfaces he first planar surface

93 preferably iBschidarosempnication thanmglcouplesthe controlProcgsor e i plestrical deyiges 8.
abut ting the oy} meSHaRL prefhrred ditdbdftR! the :ﬂPb\ber%uibiumekemhwmﬂmﬁ@am

with a longitudinal axis 97 disposed in parallel 10 wth the |ongitudinal
axi s of the undistipuion liges gresthosamedines. nat the first substantially planar

surface i s di sposeqy |lppnghbdatthénd! showdif Higst 3§ 2 G| poke ' frérf [theeumllerwaté? power
exenpl ary enbodi ments, it nay be desirable for the firs fi\ﬁlgl anar,. surface. 93

to have a rouncf@t!"%’r‘fﬁ‘pé‘“%‘ﬂ%ﬁ“ﬁ’h%& trangferned oD, a SPRaFAE PR rdistiabytion Jigg qr, saay, bg

about the sane ghbined Wik iR dataafid trivdRired Yialaip of Givets 151 undior 150tina siuifat madhner

Further, the second and third surfaces 94, 95 may be 15 ubst anti al |
flat. The MQ\dl%ﬁghsGilﬁs@c‘Em%w%’%fﬁ?f‘&WFPQ‘M?‘&FL"PY?FIQI‘H*WE"H'? c ‘1"3”3 ‘é‘?‘dﬁly

preci sely specidpisle phiédCdisibutibm Ghe) Gk @iderwagr GOWdr cotiNRysion circit wnﬂymdtmhk

when two or nore cmFs are placed in, close _proxinit i ngrease
transfer efficiW@rillpgsto %Hﬂalyrﬁ H‘?Wﬁrzcé"feﬁﬁg‘ﬁlf F‘ges“%lﬁ’f]? %ﬂ'ﬁﬂt% %W aﬁagp@ﬁ(?}%k
el ect romagnet i Crrégiérdcs 't oht OF Ehof G:ftd/pewenidivtiibugeon limig. DWhere power and data are to be

transferred on the same line, it may be desirable to incorporate the second power circuit 52
15 into one or more of the driver circuits 150, 151.

In some of the preferred embodiments, the power and data are transferred by outbound
data driver 151. One example of such an embodiment is shown in Fig. 4. In this
embodiment, power transfer may be maintained by transmitting idle signals when no data is
being transferred. The electrical devices 18 extract electric power from the data signals and

20 idle signals to provide operational power and to provide power for charging any batteries.

As discussed above, the repeaters 25 may operate to provide a simple buffering function
by reshaping the signals output from the repeater to have predetermined voitage levels. In
these simple buffering arrangements, receivers 152, 153 are preferably coupled directly to the
respective drivers 151, 150. In the simple buffering configuration, the repeaters 25 may not

25 include any encoder/decoder and/or link control circuits. 154. The simple buffering
configuration may be advantageous in that the repeaters operate to control dewuning of the
power/data distribution lines while introducing very little latency between the survey vessel 8
and the electrical devices 18. However, the simple buffering arrangement may be less
preferred due to the skew along the underwater cable as discussed below.

30 A first exemplary embodiment of the encoder/decoder and/or link control circuits 154
for use with the power distribution and/or data communication system 20 is shown in Fig. 37.
In the illustrated embodiment, only encode/decode circuits are included in the repeaters with
the data link control circuits omitted entirely. Of course, data link control circuits (e.g.,
HDLC circuits) may still be utilized in each electrical device 30, 31 and in the dry-end
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20 particularly inportant in underwater seismc cables where operational
power is. inductively coupled tao the wet units 30 Substantial research has
been directed at determ ning an optinmal inductor/coil core configuration.
Referring to Fig. 17, paint dot 99 indicates the coil orientation with

regard to cross section A-A'shown in Fig. 18. Fig. 18 illustrates a w nding
direction 98 WOX¥AB25 coils. In exenplary enbodi nents, t RCHYSAEISAE
direction of each coil is preferably the sane (either clockw se or counter

cl ockwi se) wi telecromigie®t to paint dot 99 in order to facilitate correct
installation. As Wibcdde Gitctli [t H?:??o% i e '

nore coils in cl ozigﬁprom mgdfcgmi (%?jezfadéhmot er. ?ﬁéﬁ?{ze%gd(ﬁ ﬁefé#%qut?)}@ g\kQOA
may be utili zeestbonnd datx may insludg oircuity such as 8 phase dockedoloom fiow recomering/ aclopkrando a
wet unit 30 angdgik Qickni grq_%h-%g g,mg@} : trg@g{, leBhcod

i nbound dat a pﬁ%‘%gg&vl\lgtf unit (')lﬁ%l%dglﬁﬁjm&%‘?{:s ma Efeda{ljﬂsl ize aggﬂe. ©
ref erence pdi reircuigs for |tesinbennd daal72iand ifer de spbawridedatan} 7l may {nciude gisenitpr for

coils A and B | i i rooh f i For
cxampl ot he o GO 3 ik QEARTIckEY ]yl g Ruistdh i B2ad B,

PCT/ US96/ 151 28808 cembediments dt gk e slesigablecter depine wrrarrier frrguegey Gilkg 474 frogp e B
90B are In the, Bita G delbds irkif gigzdg?'&mgnhﬁuﬁrﬁ&%fo&l% i b Ch

coupler 16, 32 includes an outbound wer tap wre 110 for connecting
the coupl er t cAndioutbgepdisigtaite ensede/ sirswidsr178i S2ri bution line 38 and an 5

| nbound daj@ tap WHeRedohd cirddits §70]) 15 ihy'6e thé SanfeQ# Riffefrent Boperiiing ¢h thé hobiiliemnd
data distribution Iipne 39. Each tap wire may have |larger, smaller, or the

sane wire sizeschemenptiligedsoncthe inbenndidate chasaels &K the elbound, dits ehppncls. yIn some of the
enbodi nents, tp}efeirédeboiftients 1 Be ddcbde iRMRs FYO may be configured for 4 kbps BPSK while the

decode circuits 173 may be configured for 32 kbps Manchester coding.
The repeaters 25 discussed above may be utilized in any of the embodiments of the
1S power distribution and/or data communication system 20. A repeater optimized for use with
the power distribution and/or data communication systern 20 shown in Fig. 6 preferably
includes circuitry to interface to both primary and secondary data communication channels. In
this embodiment of repeater 25, it is often desirable to include data link control in each
repeater to packetize and depacketize data transferred to and received from the dry-end
20 electronics 5 using the primary-data channel.
For example, Fig. 38 shows an exemplary embodiment of a repeater 25 configured for
operation with the embodiment of the power distribution and/or data communication system 20
shown in Fig. 6. Referring to Fig. 38, the repeater circuit 25 has a primary data channel and
a secondary data/power distribution channel. The secondary data/power distribution channel
25 may include one or more encoders, decoders and associated drivers and receivers as well as
underwater cable power conversion circuits in a similar manner as discussed above.
However, incoming and outgoing data are preferably packetized and depacketized by CPU
and/or data link control circuits 175 for transmission over a primary data channel such as an
underwater cable fiber optic network. The repeater 25 may include one or more drivers,
30 receivers, encoders, and/or decoders 180-187 to facilitate communications over the primary
data channel. Further, the CPU and/or data link control circuits 175 may be adapted to
digitize signals from one or more hydrophones (not shown) along, for example, each adjacent
cable segment. Further, as discussed with respect to Fig. 40, where drivers 151 are adapted
to transmit both data and power, it may be preferable to incorporate the drivers 151 into the
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wire size that is smaller than the distribution lines 38, 39. In preferred
enbodi nents the wire gauge may differ by one, two, or nore AWG |In sone of
the nore preferred 10 enbodinents, each tap wire is snmaller than an-
associated distribution |ine. The inbound data tap wire 111 is preferably
coupled to w around the core of coil B 90B and desi,%g

w re BLU. Altmg Hﬁe wi ndi ngs of coil B 90B may be variously co)?ﬁlgured
the winding wire i r%fer .Y Wire having a wire gauge of 26 AWG or
greater, and p?ovfegfo‘ﬁ'Fr 109§ or greater, and nore preferably 30 AWG or 15
greater, and nost preferably about 32 AV\G The nunber of turns of blue wire

BLU may be var Yok hepdil equency of the data
transferred ac%l%’w eferred enbodi nents where

the i nbound data i & typlahgfwhenemcamm \klkm mwmcmg bit and/oreclBkUrepnveryesimhitsyinhas

o wi ro wound UF STARESES FiH¥ ARGt RS, Sl B chbigckd TR R i

RED. Al thou§h mhneremlnﬂomgs om‘nec oicbvery DOpA inthe dg@dmalexmmm&a timedelayuwitckespette

winding wire i ‘@*@3 ,
and preferabl yé’zlgé%@ or grea ?uﬁ@%ﬁg gf’pre?'g?ﬂﬁl % qk\ﬁ%\;deﬁtl&{g
nunmber of t ur npreahble ahichi has mmwmvmlmmmcohﬁmemwmmm
frequency of t a/ r red u f e
25 preferred @gcq?nrretﬁ?gﬁr ng e?% lg\nésrﬁ PI“F‘ﬁﬁagﬂmgout ltﬂqutnr}hseS Un erc‘frtttl
certain circunsadgrwater, cablhél WMTEHBMStDémhvda !qngtprr@mwetof@mess 330 bivdimes for |
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el ectrical ly clawnettvg Wtqméhefanethq)FWObmopesmc?ltm@meﬁadamnsea@a Rreviouglyr e
111 and physi CgfidaeaWoyued. around the 30 core of coil A 90A. Al though the
bucking coil may be variously configured, the winding wire is preferably
wire having a wi r eThisgepblesy mayshergyercame by wtilizing a gontimyonsly agtive s nousagiler

greater, and MhiogcBr, Sfifif rdloéol iy He pafticd iy effibient WABHR fata RbmintifiBition bewef e
wire GRN may be matched to the anticipated el ectromagnetic coupling between
the two I5 survey vessel 8 and the electrical devices 18 comprises confrol and data messages having a

relatively short message length. A continuously active synchronous transfer protocol may heip

to reduce the amount of the bandwidth of the communication channel dedicated to start-up and

synchronization bits. In sbme embodiments of the continuously active synchronous protocol,

the inbound and outbound data communication channels are maintained continuously active by,
20 for example, the continuous transmission of idle signals when no data is present.

In a full-duplex synchronized system, the control proces:sor 21 preferably maintains the
outbound data and/or power line contimlously active by sending, for example, instructions to
one or more of the electrical devices 18 or null/idle signals. Similarly, the inbound link may
be continuously active sending either messages or an idle pattern. The idle pattern for the

25 inbound link may be generated by the last repeater in the inbound link, by the terminating
circuit 34, by a random or non-random signal generator, and/or by noise generated on the aft
most segment of the data communication channel. In some of the preferred embodiments, the
idle signals are generated by noise on the aft most segment of the data communication channel
which is then amplified and propagated by the last repeater. Power may be distributed on the

30 same line as the data or on a separate line with or without a power tree structure. However,
in some of the preferred embodiments, the power tree structure is overlaid on the
synchronized repéaner structure in a complementary fashion such that the outbound data and
the power transfer utilize the same distribution line.
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about 21 turns In general a bucklng coi l results mhere each coupler
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In some of the preferred embodiments, the above problems may be overcome by
15 utilizing a clock derived from decoding data and/or a carrier along a first data and/or power
distribution line to synchronize data and/or a carrier along the same or a different data and/or
power distribution line. For example, referring to Fig. 4, it may be desirable to utilize a
carrier clock derived from data on the outbound data and/or power distribution lines 38A-38C
to synchronize inbound data on the inbound data distribution lines 39A-39C. In exemplary
20 embodiments, a synchronizing clock may be supplied by any of the components in the
underwater power distribution and/or data communication system 20 but preferably originates
from the dry-end electronics 5 or from electronics disposed toward the aft end of the
underwater cable 2.
Fig. 39 shows a simplified block diagram illustrating one of the preferred embodiments
25 of the synchronized timing relationships between the various functional blocks of a full duplex
communication system having inbound data synchronized with outbound data. In some of the
preferred embodiments, a timing acquisition aiding circuitry may be included in the repeaters
25 and in the electrical devices 18 to fix the inbound data and/or carrier clock to have an exact
" timing relationship with respect to the outbound data and/or carrier clock. Referring to the
30 embodiment illustrated in Fig. 39, the carrier clock derived from the outbound data by
decoder 170 may be utilized by encoder 172 to synchronize inbound data. This
synchronization may occur in both the repeaters 25 and in the electrical devices 18. Further,
the carrier clock may also be utilized to synchronize data encoded by encoder 171 and
distributed to aft cable segments. In this manner, each of the repeaters and each of the
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90A, 90B. The pockets may be seal ed fromthe remai nder of the underwater
cable. Further, the pockets may be filled with any suitabl e cushioning
material such as a foam high viscosity oil, grease, gel and/or other
spongy substance It may be desirable to 25 configure the cushioning

material to ﬂ / or posltlon the coils toward the outepcpligahitiad> of
t he undervvater cable to mnimze the gap between coils 90A, 90B and coils

129, 130, respecti
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I ncludes a w
time recovery loop which are continuously locked. Delay time or skew between the outbound

15 signal and inbound signal timing varies depending on the distance from the repeater along a
particular power/data distribution line but is typically only a fraction of a bit time (e.g., the
largest delay may be about 3 microseconds in one of the preferred embodiments where the
distribution lines are limited to about 200m). Any skew on an individual distribution line may
be accommodated by a small adjustment in the timing recovery circuit which may typically be

20 accomplished in a quarter of a bit time.

An important advantage of the synchronized recovery loops is that each repeater not
only reforms the data signal but also completely removes any build-up of timing uncertainties
due to skew. Thus, additional cable segments and/or communication channel segment may be
added without redesigning any of the components of the power distribution and/or data

25 communication system 20. '

Figs. 40 and 41 illustrate detailed circuit/block diagrams of the driver/receivers and
synchronized timing recovery loop circuits in the repeaters 25 while Figs. 42A, 42B, 43 and
44 illustrate detailed circuit/block diagrams of the drivers/receivers and synchronized recovery
loop circuits in the electrical devices 18.

30 Referring to Fig. 40, a repeater circuit 25 includes an outbound data receiving circuit
152 for receiving signals from the outbound data and/or power distribution lines. In preferred
embodiments, the outbound data receiving circuit 152 provides proper termination for the
outbound data and/or power distribution lines and reforms the data signal for input into decode
circuit 170. The outbound data receiving circuit 152 may include a comparator 189 and a
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preferred enbodrnents the cores 124 126 are eIongated and drsposed
longitudinally in the underwater cable in a simlar fashion as coils 90A,

90B. Details S’Loi’e wet unit housing 128, the coil housing %Hgi ;he
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coupler 116 a rovr ded in one or nore of U S. Provisi
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about the wsdt Bl didifbullel finds A8 r@hsIné BRY sipHAl 1B npit Goto decode circuit 173. The
inbound data receiving circuit 153 preferably inciudes a band reject filter for minimizing cross
talk from the outbound data lines or coils to the inbound data lines or coils. In preferred
embodiments, the inbound data demodulated and/or sampled by decode circuit 173 is
preferably then remodulated and/or re-sampled by encode circuit 172. The remodulated
20 and/or re-sampled signal is then output through inbound data driver circuit 150.
Fig. 41 shows a detailed block diagram of one of the preferred embodiments of the
encoder, decoder, and/or link control circuits 154. Referring to Fig. 41, outbound data from
receiver 152 is input into a first digital phase locked loop (DPLL) 156. The first DPLL 156
includes an edge detector 155, phase detector 157, filter 158, and numerically controlled
25 oscillator (NCO) 159. The phase detector 157 outputs one or more signals indicative of
whether the phase output from the NCO 159 is earlier, later, or the same as the phase of the
P! tp P
signal detected by edge detector 155. The phase detector 157 may be implemented by an

XOR gate or other suitable circuitry. The filter 158 is utilized to provide low pass filtering to
screen out any transient abﬁormalities caused by, for example, noise. The filter 158 may be

30 implemented by a divide by N counter or other suitable circuitry. The adjusted output from
the NCO 159 is then input back into the phase detector 157 to complete the loop. The output
from the DPLL 156 (designated BPSK CLK) may be configured to be any multiple of the -
carrier frequency but is preferably equal to the carrier frequency (fco) of the outbound data
received from receiver 152.
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m sal i gnnment that is equal to about the length of the pole face.
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127A-127G, res r?\% Ilgle#o¥ trans: 15593%?&%& the subsequent cable segment.

The inbound data portion of Fig. 41 shows a sampler/phase demodulator 166 for
sampling the inbound data in conjunction with a Manchester clock (MANCLK) which is an
even multiple of, or preferably equal to the inbound data carrier frequency (fci). In the

20 illustrated embodiment, the inbound data is sampled at the inbound data carrier frequency
(fci). The Manchester clock MANCLK is generated by a third DPLL 165. The third DPLL
165 includes a bit edge detector 155°", a phase detector 157", a filter 158", and a NCO 159"
in a similar arrangement as the first DPLL 156.

Sampler 167 inputs the Manchester data from sampler 166 and re-samples this data in

25 synchronism with the BPSK CLK output from the first DPLL 156. A divide by N circuit,
such as a counter, may be used to divide the BPSK CLK signal down to the inbound data
carrier frequency, which in the preferred embodiment is 32 kHz. Sampler 167 uses the
divided BPSK CLK signal to sample inbound data. In this manner, the inbound data may be
synchronized with the outbound data without having to demodulate the inbound data.

30 Figs. 42A and 42B shows a block diagram of a preferred configuration of the electrical
devices 18 (e.g., a wet or in-streamer unit 30, 31) for use in embodiments of the underwater
cable power distribution and/or data communication system 20. Referring to Figs. 42A and
42B, the electrical device 18 may receive power at a power supply 200 from a battery, 2a
combined inbound data/power, outbound data/power, and/or a dedicated power distribution
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of coils may be utilized as, for exanple, three, four, five, six, seven,
ei ght—nine—ten—25— ¢l even —tweslvegr—thitt-eoh—-otit-eef—i+it-eeh—or—nRBre.
In the illustrated enbodi ment, seven coils are utilized in the wet unit
housi ng 128. The enbodi nent shown in Fig. 25 may be advantageous in that
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In some embodiments, it may be desirable for the electrical devices 18 to include one or

more batteries 212. In some of the preferred embodiments, where batteries are included, the

15 YDatteries are rechargeable via battery charger 211. If batteries are included, the batteries may
supply operational power in the event that power is not available from the underwater cable 2.
The batteries 212 may be switched into an operating mode by, for example, a diode or an
electronic switch. If an electronic switch 221 is utilized, the battery charger circuits 211
preferably include a low voltage detector which outputs a low voltage signal to the

20 microprocessor 204. Microprocessor 204 may then actuate the electronic switch 221
responsive to the low voltage detection signal. Alternatively, the microprocessor 204 may
detect a low voltage directly via A/D 214. In still other embodiments, the electronic switch
211 may be controlled directly by the voitage detector 211 in response to,-for example, a low
voltage condition.

25 In some of the preferred embodiments, the A/D converter 214 receives a voltage from -
the input to the voltage regulators 210 and a separate voltage from the output of the voltage
regulators 210. In this manner, the microprocessor 204 can monitor the voltage received from
the underwater cable 2 as well as the voltage supplied from the batteries (when present and
active). The voltage regulators 210 preferably include a shut-down mode which may be

30 utilized to isolate the input from the output when power is inadequate at the input to the
voltage regulators 210. The microprocessor 204 may control one or more controlled circuits
205 based on the voltage values detected by the A/D converter 214.

A/D converter 214 may be integral with the microprocessor 204 as, for example, with
the Motorola 68HCI11, or be a separate unit coupled to the microprocessor 204. As discussed
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extracted using voltage divider 133 and conparator 134. Inbound data may be
coupled to the plurality of coils 129A-129G by incorporating a plurality of
second w ndi ngs 139A- 139G 15 Referring to Fig. 27, another

al ternate enbodi nent of the coupler 16 is shown where the underwater cable

2 includes, fqo@xaep!l e, an inner integral core 140 di sposeggbrnibod kiasOUt €F
sheath 15 and the electric device 18 includes, for exanple, an outer
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underwat er cairfngémbiils bétwéeAARE elbdiGeal Bélile! 18%hnd Zhe underwater cable 2. In the preferred

embodiments, the driver circuit 203 is configured to drive an inbound data coupling
15 tansformer which inductively couples the wet unit 30 to the underwater cable 2.

The inbound data coupling transformer may include a secondary side comprising the coil
disposed in the outer sheath 15 of the underwater cable 2 and a primary side comprising the
coil disposed in the electrical device 18. In some embodiments, the inbound daia coupling
transformer may have a leakage inductance of about 70% or more, for example, about 94% or

20 more (i.e., a coupling coefficient of about 0.3 or less, for example, about 0.06 or less). In
this environment, the inbound driver 203 driving the primary side of the inbound coupling
transformer may drive an inductive load where about 94% or more of the load is the leakage
inductance. The inbound driver circuit 203 preferably drives the primary of the inbound data
coupling transformer with a signal which enables the desired data signal (e.g., a Manchester

25 signal) to be reproduced on the secondary side of the transformer.

The operation of the inbound driver circuit 203 may be seen with reference to Fig. 43.
In operation, transistors 216 and 218 are normally both in the ON state with the output current
Jout negative. A negative to positive transition of the inbound signal on the inbound data lines
in the underwater cable 2 is initiated by momentarily turning OFF transistor 216 and turning

30 ON uwansistor 220. Transistor 216 may be turned OFF for a period equal to half of the
resonance period of capacitor 222 and inductor 231 (e.g., about 1/4 a bit time). Since the
current in the inductor cannot change instantaneously, the currént flows into capacitor 222
during the next quarter of the resonance cycle. The current then reverses and flows from the

capacitor 222 to the inductor 231 in the opposite direction. This produces a negative to
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coefficien = endi 201 4 -CRS—RBYm - S0 Nk & of 2 uncat ed
triangle with a curved outer surface abutting the outer sheath 15 of the
underwat er cable 2. In many applications, the coils shown in Fig. 27 may be
advant ageous gver_ conventional coils because the geonetry of the cougler
allows a rel alYQ¥MW*¥arge pole face 5 area. Thus, this flukEPPHEs12
configuration allows for excellent Qggfling_betmeen coils in the underwater

cabl e 2 and coPpsitiveirapgition gf the jpbauad signal qn,@e inbowund, data disgribution linesy Transisor 20
any nunmber of Xt aideansieoisi 217 and 219Ckre bdth 2'the ONOstad® withl @R aftem Jo Dositive.

nunber of wires to_be wound around each extending section. Were the
integral core has SWilarly, pesifive t,negative, wansition of the inbound sigpal A the) inhound data
thetn_ 10 the iaisemﬁﬁdnl_ﬁﬁ!é ﬁmml45i;wdd£'EMe%%mﬁu%gﬁmmeﬁ_ | tartf nﬁhhgt [OHF teansistor
sections. ere_each wndi ng 145A: ) - i nclu WO Of . Ior e
wires, it Y\g psé} - pming o 'gq“?ﬁ‘%éq' oﬁ“?"%‘?‘éﬂ%,‘“’gibft%ﬁi,dgglﬁ f?ﬁﬂ%“l?&?"@ﬁ‘ﬂii‘%g
sections about nilhef itet @enahce qRfi6d of CdpaditofZPl and @dudtort 231 elg. Coficcfdaftiof g biour
ext endi ng sections, al] ows u%éeo thyee wires to be wpund aroTnd each ?h t he

ext endi ng sect PR [FInge A etent 39, the, indugtar qagnot change, mstantancopsly. She, FurrRat Hows,
_th;a Wi nfli ngs Si&f;@cdpbﬂbralmﬁﬁrgﬂgﬁhéhﬁﬂﬂm&)&s&wt dplu.si'm\ carraitf it iEhGeverses
integral core. ex e, Fig. shows a cjrcuit di agram o .
three-wire, f oﬂ?d?é?ﬂse#‘gggﬁ %B‘t‘ig‘?"ﬁ % gﬁvﬁ‘%md? 1 i‘%m&?ﬂ?qsg%‘?’éeﬁ“%ranl‘%m%eﬁg
alnfll or co ng 100 lmg ipggﬁ\tehe negfativa&misigdm 6£| mjﬁbmhﬂfsigaﬂ rbn_tﬂigi_nhbum data ldﬁuilizlgon lines.

i |lustrated enbodi gent, for eac e face, the windings in the o
underwat er cable 2 %W?'Bﬁwa?fﬂ'@ﬂpﬁﬁeﬂrmc’{fﬁ'i&s%bg %W&B?}H’Sfmtﬁé%pﬁ“&%
].:LG arﬁ thle s?rrlbnnsoby eﬁmhm%wmugcwndam m:ﬂi#hm&;iﬂﬁzérb&cﬁit s particuldrly
ourth pole faces wound. in a.first direction (either se_or .cqunt.er
F ockwi 5e) - ana SYSFFHISsP:SE e <oatey At it e PEPApY 22f e s St o, Sameice
opposi t e di r ectirestionssulinthix enérgy dissipation is ainiavidsl.c Epergy isaiteraely triamsfereet] batwebn

portion of the_cauplers . Wr.e B may have w ndi ngs on pole faces one and
25 two wodhd i "ﬁofg?dltgf F@&?’Pgnmﬁﬁ'}é“tvﬁ&ne\f\ﬁyndi ngs on pole face three and

four wound in the In some embodiments, the inbound data coupling transformer has a relatively low

coupling coefficient and has a secondary coupled to a relatively low load impedance.
Consequently, the inbound driver circuit 203 may be required to generate a relatively large
current in the primary of transformer 230 (e.g., 3.6 amps or more). In the illustrated

20 embodiment of the driver circuit 203, virtually the entire current flowing in the circuit (e.g.,
3.6 amps) may be reversed in direction with only a minimum of dissipation. This is 2
remarkable result since the inbound driver circuit 203 may draw from V9 only a small fraction
of the current flowing in the transformer 230. In the circuit illustrated in Fig. 43, the inbound
data driver circuit 203 only requires an input of a fraction of an amp (e.g., 0.24 athps from a

25 10V supply). In exemplary embodiments, a 3.6 amp current flowing in the primary side of
the inbound data coupling transformer may generate a 1.1V peak/peak signal on the inbound
data line even where the leakage inductance of the transformer is large. A current source,
such as # switchmode current source 229, supplies the operating current Idc (e.g., 3.6 amps or
more) from source V9 at an efficiency of about 85% or greater.

30 Operation of the control logic 224-228 can be seen with reference to Figs. 36A, 36B.
The Manchester data (DATOUT) from the encode/decode circuits 202 is input into an inverted
input of AND gate 224, into an input of AND gate 225, into an inverting buffer 226 and into
a buffer 227. A commutation drive signal CDRV is input into the inverted inputs of AND
gates 224 and 225 and into buffer 228.
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opposite direction. In this manner, the configuration of the w ndings of
wire B cancel any nutual coupling of signal Bto wire A Simlarly, wire C
may have wi ndi ngs on pole faces one and three wound in a first direction
and the wi ndings on pole faces two and four wound in the opposite

direction. woonideR this manner, the configuration of thecdQseisish Ngs of
wire C cancel any mutual coupl i ng of signal C which may be coupled to wires

A and B. The w noyR;ighis Ww mt229|ahd’btﬁ‘fe}§mﬁﬁhn§d E0 BArss cwhere

hal f of the wi ndi ngs add S|gnals of the w ndi ngs subtract signals

with respect MOScRANe] wansiftars dl6d0n Aeshowpn Fige 43, rfP%PBé’d’ signph i Pulsed, pesitve

W ndi ng. Thusgor NANE bk ftinde (Tb) Vhend@€ itl i§ AeBirdble for Mngafn&mﬁgnal appearing on the
PCT/ US96/ 15128 si 8nal A appears on wire B and C, _none of the voltage from

si gnal B appe distribution liges ’&n@edﬁﬂﬁ“"é\“ {cRRle 13 make 2 PesaHYes fo) Rogitve

appears onsw &&sﬁoﬁnﬁlﬁlarllﬁenﬂéﬁkvs hiﬁmhﬁuﬁed Eosnaado@mmnm(mc%sm l@-ﬁd/ or
different voltage |evels, and the sane and/ or aﬂEp ferent nu |ngs

wi t hout i nt er ficsfrable, fef; the,inboring data;fignal appearigg op datg distri ‘?’bp sii,
under water Cﬁﬂieﬂvdﬁ?%lﬂeﬁﬁ@ﬁﬂie@ﬁbsiﬂvé&nﬁgtmemlmum er with no voltage

B NRCRC e W TR M VMRS R T LA

wi ndi ng conf i g28 &k emiplath of bherhibodimen of tielihvendonrand sy bé fdplatdaamnmdumm of

Fig. 28 % be ?_um‘rari zed in i‘[ablx ]l V\%I etters A’r’s‘ﬁ and resent

wi ndi ngs dP ¢ AtPrRaNES arzangement; Forexample a &apsistar with _“5.09@8%

B, and C repr emiief antl dalléchs ag fbe istitstifued F6rCthé msmmsu'ﬁlsnsﬁrs 6220, |mrm in

ggﬁgskggesgcoggmed Iexgaecsxlng(znrt; ;ﬁ? lmef;ut to Sxe ghte g;wers fﬁcﬁs may be c:outrolle(fa1 ﬁ:rectly by
microprocessor 204 or with other suitable control logic to produce the DRV+ and DRV-
signals shown in Fig. 43.

15 Driver circuit 203 operates to couple inbound data from the electrical devices 18 to the
underwater cable 2 after encoding by the encode/decode circuits 202. The inbound data drive
circuits 203 may be configured to drive the inbound data signals with sufficient power to cause
the couplers 16, 32 to substantially overpower any signal imparted on the inbound data
distribution lines by the driver circuits 150 disposed in the repeaters 25 (See Fig. 40.) In

20 some of the preferred embodiments, the inbound data channel of the repeaters is continuously
active sending, for example, idle signals. The idle signals may originate as noise amplified by
the aft most repeater. When an electrical device 18 is commanded by the control processor 21
(Figs. 3-6) to respond, the electrical device 18 may be configured to simply "blast” a response
onto the inbound data distribution lines by overpowering any existing signal being sent by a

25 repeater circuit 25. The control processor 21 preferably time muitiplexes requests to the
electrical devices 18 such that the electrical devices 18 do not improperly conflict with each
other. |

During periods where no responses are being transmitted by the electrical devices 18,
synchronization of the phase locked loops 165 (see Fig. 41) in the decode circuits 173 of

30 repeaters 25 may be maintained by the idle signals. However, as discussed above, since the
electrical devices 18 are synchronized with the repeaters, the electrical devices 18 may simply
transmit a response onto the inbound data distribution line with sufficient force to mask any
data/idle signals being transmitted by driver circuit 150 of a repeater coupled to an aft end of
the inbound data distribution line. In this manner, a preamble may not be required to be
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Wre Wnding Drection ABC ABC ABC
ABCTable—-1-15 The-above W-Rdi-Rg—corfigtiat-t-grs—shown i n- F-gs—
29A-29C and in Table 1 are exenplary. A winding inverse to that shown for
each pole face may be utilized for any given wire. In this manner, there
may be eight different operative wi nding pernutations. For exanple, in
Table 1, the WOEARding direction for wire A may be inver PCHUSISTHR A A
The inverted wire winding direction for wire A may be utiljzed in,

conj unct i on widgdeditp ghe\fpspanss sent gp the;inhound datadistribpsion ipe Ry the gleptrical devices 18\py i n
Table 1 or th@&ﬂcﬁoﬂﬁeﬁﬁ%msu&kéﬂwh&beepum. Wedbiditigdly, daterR itinieis fubstantialle B
may be inverted as B B B and utilized with the wire wi nding direction of
wires A and CTB&dneir jnverse. In general , each of the wire w nding

directions for W Iae efdoddAlecadeCtircuitta02 Pérforin\ecsithiRg funittibly hshidbdcideldecods and/or

conbi nati on such that there may be ei ght_operatjve conbi natjons, 25
The integra Mé°%9&“ﬁe‘ﬁf§°%¥‘bﬁdrf§°‘%ouwm)é“%? §"‘é‘&§/§¢ﬁ may. By, cougled to
130 and B L o B e oo et gt o LT s 1 €5
For di 11 or ent <RBriek SOMEY cIah 708 Autliprd. & 15 of e Brerpgs oboLiats, the aai ik
PCtT / U|S96/ éS 1 tZ&oﬁdmremtt M&fﬁremd_ f;ea Righ Edvg! amqlnn:&oum I(Hnmﬁ it(bg_?@d&ltig:ﬁt parcant
nmut ual i nduct anc n | r S al s. ce e,.Si gnal -t o- noi se
ratio of the mﬂgﬂsﬁﬁéﬁcs’m@%ﬁﬁy W@*’rk‘gg‘ﬁeﬂbﬁ‘?ﬂeﬂ*' %ﬁﬂﬁa‘c%?ﬁ%%gfon
system 20 i(s iprgvided acltha Behtpd $or 20 Ak st eadlf dfahecelayridabdevices HBased. Furt her,
because the geone of the gﬂgﬁesl er |l ows .a.relatjyely |arge pole face

¥ it 28 ‘i
area, the 5 coupl!HJIPBERTQESIT FFRt 2 ?eaw&‘mw%?%é“i% “g’ﬁ%g‘f"&ﬁ F‘Eﬁlafl

| nproved. memory 220 and/or one or more controlled circuits 205. The microprocessor circuits 204

may include one or more microprocessors or other logic circuits such as a Motorola 68HC11
and/or Motorola 56002. Depending on the particular application, type, and location of the

15 electrical device 18, the microprocessor circuits 204 may be configured to control one or more
functions in the controlled circuits 205.

The controlled circuits 205 may be variously configured to include one or more
functions. For example, the controlled circuits 205 may include one or more of the following
functions: a) compass/heading, b) pitch/roll, c) acceleration, angular rates, magnetic field,

20 optical ranging/bearing, flotation, position detection sensors such as hall effect sensors to
monitor, for example, the position of the vanes, d) motors, €) depth sensors, and f) acoustic
ranging devices. In some of the preferred embodiments, the compass function forms a first
electrical device, the leveling related functions (motors, depth sensors, position detectors,
pitch/roll" detection) form a second electrical device, and the acoustic ranging functions form a

25 third electrical device. Further, in some of the preferred embodiments, only the electrical
device which includes the leveling function is equipped with batteries 212,

Fig. 45 shows a detailed block diagram of the encode/decode and/or clock recovery
circuits 202 for one of the preferred embodiments of the electrical devices of the invention.
The outbound data decode circuits of Fig. 45 are similar to the outbound data decode circuits

30 of Fig. 41 and designated with similar numbers. For example, the operation of the circuits
155A-161A and 164A is substantially the same as the operation of the circuits 155-161 and
164 as discussed above with regard to Fig. 45. Details of the operation of these circuits are
not repeated with regard to the operation of the electrical devices 18.

In the circuit illustrated in Fig. 45, the bit rate clock from the second DPLL 164A, the
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The integral core coupler may be adapted to facilitate coupling with any of
t he enbodi nents of the underwater cable power distribution and/or data
comuni cati on system 20. For exanple, signal A nay be the nain power signal
fromthe main power |ine or . the power distribution signal fromone of the

dat a/ power di giggrhskon |ines, signal B nmay be the 10 out Ge4yRdeélidia Si gnal
fromone of the outbound data distribution Iines, and signal C may be the

i nbound data gigsal rohPétrnte zWBI(NRZ) Usta %&ﬁﬁmbiee moﬂ%mieeépsﬁ@ab& R Qe d

data distribution lines. Still other enbodinents are also possible. For

exanpl e, in t RSP 136/ @re-TutRYY 1o, datp Jink coptrel cirgnit 203, e to utilize only
wire A to transferhe inbound daidpbidtion BOFR r459dhdw9al§nbmms!r mtféhaaﬂlaaég the/ifhGurd t O

transfer inbo at W|thW| Co tted _entirel odi nent s havi ng an

i ntegral cor e%%\ﬁ& #Fﬁ‘(ﬂ"m?ﬂ]é‘“ﬁ‘ﬂﬂ ﬁ“ﬁat l‘éfx@lfmdmﬂﬂﬁ‘ﬁnlbauﬁ’e
re_d:Jceﬂ ovar uhe QDgi;'ﬁeSi?q\rl]\ﬂ&utﬂi Eﬁdh;as aldoushtér, divides gieannskecl LKh&nl;lQRﬂhthﬁethe
coil shown in, | e axial .directio e |ess cm, .a
preferably le ier %Wd“@%?&d“%rl’&fﬂf%f‘gﬁélﬂﬂ?‘ 7 aFhefipdrd b Lq(ﬂ‘DSt
pr ef ﬁr abl'y :eduxt_ Sigial abﬂwcl uﬁoemp_leﬁlsslbstsa:ﬂf;h lbxai692|ﬁ%s nlhedmate? BP?]KICm@iﬁgﬁﬁﬂﬂth
in the axial direction s jo_inprove the re ility of the cails

reduce the i néﬂ%i%é%b"!ﬂ‘#;ﬁ‘@gt h]té' w5 a‘iﬂ Mg%ml (FFMPWUHH%%ter
cabl e 2 when womeshd@dfarin edth of GeleRtwicdl devike® 18Nt egral core coupl ers may be
particul a advant ageous wher e .the underwater ca 2. has .a i

PPhe 53 T8 i ng SEAEolES il 3 MaiRarr Gooten Sim Smn o, B vt 3 PN i
power |ine 23Figsck2Kief2B) and tormleagqoamtor ¢?200| The ¢dge taettadi 17€ outpyts b lkombngtatibh e
integral core 140 .as exa sho by the main power cabl es

desi gnat ed as 9B¥oS! 8'“%3%%9‘\5% 'ﬁl"&g‘)’u%dmleﬁx%nese embodi nents, cabl es 84A - 84D
may al so performa stiffening function as well as a main power distribution

function. Due PSi?Vt hE B! ggcaggéig}ﬁ%%ggé{ g 55 epgwegraﬁf the geonetry of this

particular co t he hi gh frequency

dat a/ power1530 d| §’her=bm loperating iesditiond qf cwderwaten vabies | wherec itrmpay bs preferahlerto
enbodi ment s. ?g&;bﬁ‘:ﬂl}%ﬁh Wl \ires Jh@r?mgﬁ'uﬂd&%@{ cable Dowéris 'OFFCOHP! €d
directly to the coup ers y passi ng one

operate without power supplied from the cable, the in-streamer and wet units preferably
include backup battefies. Because battery power is limited, a low power communications
mode is preferred. One aspect of a low power communications mode preferably includes
20 bypassing the repeaters along the outbound data lines, the inbound date lines, or both.
For example, referring to Fig. 40, one embodiment of the backup communications mode
includes bypass switches 53 to bypass a repeater along the inbound data lines. The switches
53 are preferably magnetic latching relays, as they conserve power and have very low contact
resistance. Control circuit 52 sets the switches to the bypass state when the main streamer
25 power switches OFF. In the position indicated in Fig. 40, switches 53 are in the primary
communications mode. Switches 53 preferably provide redundant contacts, as illustrated, to
further increase reliability. '
When control circuit 52 moves the switches 53 to a bypass position, the inbound data
line becomes a continuous line throughout the cable, bypassing the repeaters. The inbound
30 data windings of the couplers are connected across the inbound data line.
A conventional communication system may be used to communicate along the inbound
data line running the entire length of the cable in a backup mode. For example, U.S. Patent
No. 4,912,684 discloses a conventional communications system which may function as the

backup communications system of the present invention.
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nore mai n power cables through the integral core 140. For exanple, main
powst—cables 844 . 84D puy transmt.four | j ' .
signals. Thus, the wire winding direction of, for exanple, wire C may be
acconplished by sinply routing a main power |ine 45 WO 97/ 11394

PCT/ US96/ 11128 23 conposed of four alternating polarity conductors through
the integral c\'!PéngP(e. g., between the extending sections PAAURGIS3I8

and/ or wi ndi ngs 146A- 146D as shown by the mmin power cables 84A-84D in Fig.
27). In this enbodARRther aspecf| 2 (backyp Frommunicatipny mede; fneludesq pisguithe Withing the
directly from jnfig;diRidBvieR Wéonirinfate dver the continkidEs el %ﬁxb%seimdseﬁuoaﬁ{en{, kW

in the main power conductors 84A-84C preferably alternates for eac

consecut i ve colbmed gat lipepreferablyoperates gy half-duplex mode,whengghe,maie icable paveer ¥ OFF-ng
di rection CCOCAQY chrisequeftéSihe Gnbotild dhtd EHits if @i et (ilts Ahd SNGRIRE devidBy plefeABR’

fromthe main power |ine 23 (as distributed on main power conductors
84A-84C) nay tMederircuissapabls afaeretring dat fiom the syrvecvessel nFigedkA and 428 Biustae o
the wet units pickipdsmnifichddind Eirdsts 262, ﬁ&ﬁﬂ?@&hﬁuﬁ&ﬁo&%@ﬁi@(ﬁ hidDywikcl3 911 ne
and AC- AC converter. However, this method Is | ess preferred for, malr:%{’e19 .
enbodi ments betdu¥e Wl F¥itch Jletiyeer primaryand bagkup: copuppicationg ymode;i an ewgtrisal

show yet anot h@dviceNiMiiopRIBéssst 209 préterablp ‘comrvls dviidhedrS1Yant $2f UWLMN@E Snalréable

coils in the wet unit _rotate with rezgﬁect to the underwater cable.

A
coupl er 300 i nRAWEHAS OEF . ¥pWh apprapches | 219, and- micropseretspiy204oactiies SKiehes Slmielo of

paral | el bgpesswitth CANbicRip ROmMuméthtionsd ciréifitC 20070 d Habiup Céoshhuinicatidns PEbEits 202!
data lines. A plurali t$/ of circunferentiall %{ﬂﬁg‘gﬁad bores 303 g{;;;eferabl y

about three, fepably ipfhude snpode and, depode circuits o enggde iphound, daja and-decode

preferably abogiiboan datf using bonvettioril @midbiatidnyiechRigaesdl for eslaniple; f fdgadilcy niblasiaimed

P e e e SRR OO 1h e baBke 55 he SRS A om0
lower bit rate (e.g. 4kbps) than in the primary communications mode. In this manner, the

15 electrical devices are able to communicate with the survey vessel when the main cable power
is OFF and conserve battery power.

: Fault Tolerant Structures
A common failure mode of the underwater cable power distribution and/or data

- communication system 20 is the loss of one or more electrical devices 18 along the underwater

20 cable 2. Efficient power distribution to the electrical devices 18 from the underwater cable 2
is preferably conducted using tuned power transfer circuits. However, it was found that the
loss of one or more electrical devices 18 from along the underwater cable 2 often decreased
the bandwidth of the tuned power transfer circuits making outbound data communication
difficult in combined data/power embodiments.

25 In accordance with the present invention, the reliability problems associated with this
failure mode may be reduced by segmenting the data/power distribution lines as discussed
above and/or by incorporating a load adjusting circuit 188 (see Fig. 46) into the underwater
cable power distribution and/or data communication system 20. The load adjusting circuit 188
may be disposed at any location along one or more data/power distribution lines as, for

30 example, in one or more in-streamer electrical devices 18, in the repeater driver circuits, or in
the repeater receiver circuits, in the couplers, and/or in the terminators 34, 44.

A second common failure mode of the underwater cable power distribution and/or
communication system is the intrusion of seawater which applies a shorting load to the power
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with a coil 305 disposed therein. Al though a symmetrical arrangenent of
bores is preferred, 20 other arrangenents can be used to accommmodat e
underwat er cabl e designs. The coupl er housing 301 preferably fits snugly
inside the cable jacket 306. Longitudinal grooves 307 along the outside of
the coupler 3Q@wRixkt cabl e-bal | asti ng fluid to flow past ghfse@ispdse - A
race 308, separable Into two halves, is fastened around the jacket 306 and

t he coupl er Ebm%gf %ETIF d to

t he cabl e by %gir?g of gré?;l Co gi?&g%gﬁmﬁ Fﬂéngiogésﬁ\?mb%ﬁh@%tﬁ%es In t

race 308. Hi ngbdhe amt sirguit] inathe driver 56.hmaking witbeindndaja Remrmunication difficult m

qui ck-di sconng&,fltr W%ﬁ&h{sar to be separated at the |atch pin,
coll'ar and the

al I owi ng the Wet unit 309 to be removed from the cabl e and
the race 308. As madmem@ thes present, inyentign.| the: se)iability Jwablems asseciated with i3 01

pr ef er abl y shageyin asseéwm&%r :ﬂ% 29644 ﬁiﬂmﬁ%&:ﬁﬁ"ﬂ@@?w@ idg) into

assenbly 305. The c0|I shown 1 n udes a
magneti ¢ cor e thgunderyyaier WOWeﬂ'élF‘h‘!H"? ‘aad/op Aata cempuriation tsts%d mﬁl’?‘ﬁoﬁi’@ﬁ“@ﬁ her

magnetic mat e'éi:@Jntslsﬁaﬁ pbﬁefa'ﬁﬁﬂw?&&?mrfﬁ&&%f Eircafd o€ showa di'?fgsaQ M. rel ative

permttivity, whichis pre erabl y above about 6000 and npst preferably
about 6500 or mr@Wt%%MWMWoH‘PM@mW%QW‘H 8c 488 “3’1‘5"5

conprises a f Qé bppdsiedf cdimbti@Zentr dodel @aipled 3dfss B ipeWer (ﬁsﬁ?ﬁ\ﬁibﬁllnﬁbhb’or near

slightly | onger t an the magnetic_core 315. Bunpers, such as_46
97/ 11394 10 ~ the receiver 152. Of course, other locations are also suitable. By oppogigely %@MSE’L’%

el astomeri ¢ emgtaiRUfi teSZeddr/diodes hrdichnrckied @Qkfes 3dfsd te HAL POV Wistritiltitplines in
position and cushion the coil assembly 305 from.shock. The sheath Séq)llogd

i ncl udes a pl &r"&‘?‘?‘!‘f%‘?ﬂ‘?ﬂ&l"w'meeqertea?ﬂdéf"é‘ﬁﬂ’é?m’r|%é§“‘3ﬂ% in bigefr

about 4. A sheajuting ¢RBET 188] 188) ishBwh Ss v @AthOAKcIRRcA Fendritiodes Etgectedl acRe h
pair. The support ri n? 319 are ferabl made of an elastic material with
an out er nost 30 8 é}‘g “Eeﬁ‘an the inside diameter of the

coi |l cavitps 304. Uiliér %Uliﬂgﬂi‘ahoxisl dfghe load adjusting circuit are also possible. For example, the
circuit may include one or more voltage sensors which monitor the voltage on the power
distribution line and which switch in various amounts of resistance in response to a change in
the voltage level. The load adjusting circuits operate to control the change in bandwidth of the
power transfer circuits due to, for example, loss of one or more inductively coupled loads
20 along the underwater cable. Also, the system is simpler to deploy, not requiring a load from
a wet unit 30 at unused locations.

In preferred embodiments, it may be desirable to size the load adjustment circuit (e.g.,
the Zener diodes) such that the voitage rise associated with a misalignment of the coils in the
coupler within the tolerance range (e.g., the pole face length/width) does not trigger the load

25 adjustment circuit to activate. Activation of some embodiments of the load adjustment circuit
may cause a loss of power transfer efficiency along the data/power distribution lines.
Accordingly, the load adjustment circuit 188, 188’ may be designed to engage just above the
voltage rise that may be attributed to one or more couplers bemg misaligned within the
coupler tolerance.

30 When a fault along the data/power distribution line occurs, load may be removed.
When load is removed, the voltage along the power distribution line typically rises because the
Q of the distributed filter rises. The load adjusting circuit is preferably configured to add
dissipation to the circuit to keep the Q of the circuit relatively constant so that the bandwidth
of the distributed filter does not change.
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319 keep the core 315 centered in the cavity 304, cushion the core 315 from
bending and protect the core 315 fromiransuerse~shock | oads— An-end cap
320, preferably waterproof, confines the coil assenbly 305 in the cavity
304. The bunpers 317 may contact an interior side of the end cap 320 and
the blind end_314. An Oring 321 nounted in a circunferential_10 roove in
the end cap 3NPYVBIPE the cavity 304 fromfluid intrusion. BT 2&/i res
322A-B connect the coil w ndings to the underwater cable' s power ut bound
dat &, “and" | nbound IRRTEErTeS fERboltiews ot died AR nbccicys JRE.CIE8! aled sane B, 03
ggaou%h end cmrfaw?mdlwmﬁﬁfe wegﬁlmdﬁjmmﬁmp&wgm&e?usmwegsiwns

: strain relief 323 y exte Jomthe exterior side of.the en ap
320 to Iessen%}”%“G%Waggﬁgﬁmwg"d@m Whers power and, tap?’ﬁ\ﬁ“&@’&‘ '%&"iS
an extracti on shifi® fin 24VHefe AL mid power arecdBtrilitedén the same lihe, dEmeyrbé yesable fto om
the cavity 304. Referring to Fig. 32,. each cqil _assenbl 05 preferahl
i ncl'udes a “pl JRAAHIA Wm&gmmgﬁﬁoghgﬁwﬁmﬁ TR £PPT8 _s“"g’zé?
326 al ong cor @répkbdatfbidwiatT 6 G voltzpk of thepoetr distributiay lidecindrensesmbioweat nomdml t he
pairs of ridges .318 at each.e of .t sheat h . 316. .Each chanpel 327 as
D bobbin 1o hORHEH Feloky i PG ., AiaS BT poteact gog 18"l WARESm, 8/ SRS
331 20 A, 33fstaited. aAdcordingly, i may begdifficiilBro d@iddulatecthedasnat the niit repeate; and
channel 327.\,\;‘?e %‘coil vvlcgdi nas 3131A 332A coupl e out bound power and/ or
data to the waEnssHhe @mspppcangn chgnacl gy be "331B, 332B coupl e data from
the wet uni@ 309 tA ldall cohted]cuinonit d88, 21881, wichnincludes Zdmer dinfidsc ma¥ibe particularly
wi ndi ngs 331B, .332B may al sq.be ed.to.cou out bou Q, .t ,ces
when oper at i nf9Y30ageMR éﬁ"aﬁs& R f‘@?\'ﬁq‘dﬁgdﬁ%‘&&%& %@é’ﬁ% Sﬁelgh%%%sed °f‘£’?f@'ﬁ'w‘
bel ow. 25 and tidneforei diel notgeonsme jreciousnponer aesoungesan Fusher,t thie| Zenem diodes. arFor
exanpl e as shown.schemat.ical |y i [ H@g ' 1.0d] re 305
are electri calsflgpl%oeﬁﬂ'etgt"é' ‘ln'r:]rx'aingéjlrs i“gtsa-dgi?‘t.’i ng éﬁeigﬁ{gdé)n%gn‘[}{q%éf%&c%t ed by
the dot convention. The A wi ndings of each core are connected in parall el

with the A w qﬂalﬂr\ﬂf %i'; mg %r% ggggs The B wi ndi ngs of each core, on the
ot her hand, a [ -opposing arrangenent to mninmze the
30 mit ual 15 nduct &he eainepower linet23cin teamdermates cablie Arowens @ plundliteofispaded elertrigal
crosstal k. The fea il Ba% & m&B%ibckiBiBefbss ORAPHL Bligobls HP8ra® Welidterhifed B

wi ndi ngs of the other cores.
current as determined by an overall power budget for the underwater cable 2. However, when

a fault occurs along any one of the plurality of data/power distribution lines or in the electrical
devices 18 coupled thereto, the current drawn from the data/power distribution lines may

20 exceed the maximum allocated predetermined load. In extreme cases, the voltage on the main
power line becomes degraded and the entire underwater cable becomes inoperative. In less
extreme cases, and especially where power and data are coupled to a single data/power
distribution line, data transfer through the plurality of repeaters may become inoperative over
the faulty cable segment.

25 Accordingly, in many embodiments, it may be desirable to configure the second power
circuit 52 of each power conversion circuit 50 (Fig. 8) as a current limited power source. In
this way, power supplied to a power distribution line on a particular cable segment never
exceeds the maximum allocated current. A fault along the cable segment simply causes the
voltage along the cable segment to drop while the current remains substantially constant.

30 This drop in voltage may have an adverse effect on the electrical devices 18. Power
transferred to the electrical device 18 may be reduced to the point where all of the electrical
devices 18 cannot operate. However, by employing a hierarchical load shedding technique, it
may be possible to maintain some electrical devices 18 and/or electrical device functions while
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Referring to Figs. 33A and 33B, the reduction of crosstalk is illustrated
by the flux paths produced by each set of wndings. In Fig. 33A the
series-aiding A coil w ndings 331A, 332A on a coupler 315 produce a fl ux
that |inks the series-aiding A coil w ndings 331A", 47 WO 97/ 11394

PCT/ US96/ 1512 agi N @ similar proximate core 329 in th r,yif!}s lJ. al ong
a path 340. Tﬁl@gﬁ% ends of the cores 315, 329 act as poﬁ)e agg{s%hé43, 344

for the A w ngj A h ' ' t.h | es- [ N

ot 1 vi el ngeogdthectil s BAisding 0efs” 1 ol Vit s o Shin %3] GHYRE APl
t he seri es- opgeso beyshed.ctbe loads asshiciagpd vEd tiRise ABBGRIMS arerpréfemablysbedsinireverserosde829
al ong paths 5 4& &l . Lt LO f : he
ends of the c%frtges, a gﬁ?‘%n%%{]ce&ﬂg&h tge #’%ﬁ%ﬁ“%@%‘ﬁ%éﬁ& ?ﬁveeséﬁﬁﬁgﬁﬁé‘s&g@&A

and 331B for dadwecoBnunicationgsysma0pat h. Because the flux produced by the A

Wi ndings ig in thg. ' | res, o&,;ag '
I nduced i n§t he s?ﬁ%ﬁ%&?%dd%%ﬁ%g%&%oﬁﬁ%rﬁl ?F&éé;%ﬁ?ge thgﬁ)ﬂ E‘)%
produced by téyste® ingluding e controbprocessar 21y the irepeaters @5 oandéaz dite ¢lectricabdevicp18.
cores, no net [: S d ' y 0. i i.di.ng. e ReSousty D
this way, cr ofs:'grﬁgf ’Eg'gelt'%ggﬁg#ﬁlgﬁ 'rs]l%gﬂﬁ% %‘g’é“ %%Pb@ﬁgl i Flg%lstﬁi%!ymwn?m zelg. It
i s clear thatcanfigurebt Fof exomplei inysomecemnbodiments, itupryhel desitablecio shechore ermorset s
of windings r | 4. L% ' [ ; gﬁ,r of
wi ndi ngs resuﬁ’?&l &r?p%ﬂgw%%o ep@%%ei%a&a?fﬁég @Eﬁé’pé’ﬁ gl'gigera Itheét %t?@ﬁﬁset S
of wi ndi nd8 r uadetwater cale-21 Iooither fembedimenty fibmpy he)desifable ta ghedtioge opmoreglopdsni ng

capaci tance SpRuqigy o AN Gich 36 lello Rf BlruRlnickideld of e olelificdh dbflbes 181 T CUI T 10

tune a resonant circuit forne capaci tance of the outbound data
line and the i nduBachreisstrissl deiee AB angy |be eppsidsred a tparhindiyiduplly oreman Hself conaiyi t
enhances the BEVE! mbld8ial o ol Sxalpfe, With elbirkcal deiicPmaP ciulE BAcor’ Rbke GiHRAGHsTEN

for use with a 200 m underwat er cabl e segment acconmpdating two wet units,
the net i nducBush@eindjcatedhby fhe\cpnienllpd sirquits ahFjgs- 42A, 42B. A load may be interpreted as

15 being whatever electrical load is associated with one, a plurality, or all of the functions of an
associated electrical device 18. | .

Further, the control for the load shedding may occur autonomously in each electrical
device based on the presence, absence, and/or level of a signal (e.g., a power signal and/or
data communication signal) in, for example, the underwater cable 2 and/or electrical devices

20 18. Additionally, the control and/or fault detection for initiating the load shedding may be co-
located or distributed at a plurality of locations throughout the underwater cable.

~ For example, fault detection circuitry (e.g., a voltage detector and/or A/D converter)
may be located in the individual electrical devices 18 and/or in the repeaters while control for
the load shedding may be in the electrical devices, in the repeaters, and/or the control

25 processor 21. Although control of the hierarchical load shedding may be controiled by a
single processor (e.g., the control processor 21), in some of the preferred embodiments, the
control for the hierarchical load shedding is distributed 1o the plhrality of electrical devices 18
(e.g., programmed into microprocessors 204) which each act autonomously. This distributed
control for the load shedding function has been found to provide enhanced reliability.

30 A first exemplary embodiment of a hierarchical load shedding function implemented in
the underwater cable pov)er distribution and/or data communication system 20 is illustrated in
flow chart form in Fig. 47. Referring to Fig. 47, step 250 determines if the electrical device
18 is already in the low power mode. If power and/or data communications to the electrical
device are at normal levels, step 251 is entered. In steps 251 and 252, the power level and/or
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0. 246 nH and the tuning capacitance is about 25.1 nF to transfer about 1.5
Wofl power to 20 each wet unit at. 64 kkz A net jnductance of about 3 Q9
nHis preferred for the B windings to effectively transnmt data inbound to
the survey vessel at 32 kbps. Referring to Fig. 30, only one coil assenbly
329 is positioned in the wet unit 309 near the coupler 300. Preferably, the
coi |l assermbly W91 % he wet unit is similar to each of the PEBUSEISEBNDI i es
305 in the coupler. The core of the wet unit is disposed in parallel with
the 25 core Femmpnicationspire comygously: monippsed; toodepirmite i) apfault icondition exists.
separated in awhagi fi SbidRfoh iPdkwich Nsibp 455 li€exdfified. ﬂﬁg&g&@ézlavsmgmoaa (e.g., one

| ongitudinal offset. In this way, i1nductive couplin et ween the w ndi ngs

of the coupl erofJouisa) it Framoxed by, o exsmplen powgsing dawn Umouircpitry dha gemtedls andfort he
particul ar geoR@Rfornis @ findfons 2440difEd WidDhat lodd. Fhis3tay ﬂerﬁeﬁﬂumebtﬁgalla@\ti&efﬂbﬁt he

coupler and_the wet unit 309 varies as the wet uni't 309 rotates about the
cabl e. Maxi frunResuons & GFyiRY located MihiaaBcelesfrical denice 48 sTherparticulag dged sologeds s
the wet unit 3?9&*&:‘63‘3%&' it 2 HierdrbiER odder, QiR RBAE 0P Ghe® BRBIRE 184rE DeBED fand
not radially aligned with a stress nenber bore 304, as indicated by a first
radi us 335 in §xagplega) 0UHICHTERFIBE | GomPassc ELiApthyFRUENE WSk AIeY depiin B cdepth

relative to t h@pdhg theport 8 cutréifl idepith Sfhd e dEHRPEINRD) tolriaimail e durRit deptiMinCh .
the core 305 of the wet unit 309 lies on the sanme radius_ 336 as the stress
menber bore 30His empodimentfhe jeast important/critical functions are removed first.

PCT/ US96/ 19428 | f Af@Mailgad\@f), adtvite idt fuhGionCwithini 4 délife) hdiebéefUithfdved;Of,
or both, additional cores may be installed to further increase the m ninum

coupl i ng coef fhodpgents here. ths Joad shedding cogirpl is distriputed, fhe flegizical doyiceiwgits fof o

pair of sin | ahé@lRfricddevices 18'© Aldiremove! thelf fads Bfep 289, CTHENIéckitaPIevice oy
enbodi nent of Fi, Part I11: ta Coqgmr}}og% i.on Structui)ﬁity of

30. 5
General |y wqufor a predetermined period of time or a variable pe time based on sta
a received voltage for a given period of time. Thereafter, the electrical device 18 then checks

15 to determine if the fault condition is still active. If the fault condition is no longer present, the
electrical device 18 sets the low power mode active (step 257) and returns to start. However,
if the fault is still detected (step 256), the electrical device continues again at step 253 until all
loads associated with a particular electrical device have been powered down.

If all loads have been powered down and the fault is still present (step 256), a depth

20 control electrical device or bird preferably will maintain a substantially constant depth
(possibly using only battery power) (step 259), set the low power mode active (step 257), and
return to the start step. Other electrical devices 18 without a depth control function preferably
will set the low power mode active (step 257) and return directly to the start step.

When the low power mode is active, in steps 260-261 the electrical devices 18 will

25 preferably continue to monitor the underwater cable 2 to determine if the fault condition is still
active. Where a voltage level is utilized to determine a fault condition, it is desirable to set
the voltage level of clearing a fault to be higher than the voltage level for detecting a fault.
These different voltage levels provide a hysteresis so that the system- does not continuously

~ oscillate between a fault present and a fault not present condition.

30 If the fault condition has been corrected, in step 262, loads are added in a reverse
hierarchical order (one load per iteration) until the fault condition is cleared. By reverse
hierarchical order it is meant that loads are preferably restored in the reverse order in which
they were removed. In many cases, this order will be with the most important loads restored
first (e.g., in order of loads e-a).

69

SUBSTITUTE SHEET (RULE 26)



Conventional Iy, conmmuni cati ons between the electrical devices 18 and the
dry-end el ectronics 5 has occurred via one or nore comruni cation |ines
extendi ng substantially through the entire |l ength of the underwater cable
2. However, this configuration nmay be unsatisfactory when electric power is

distributed opyd &M sane |ines as data. For exanple, 10 seaygf ,ggwllﬁz'yage
may detune the entire communication channel and cable |osses nay na

communi cati on and QRMEE4 u}gfﬁﬂﬁfigﬁ hilelibrfiedl donfN o agiﬂgf He B ﬁ&%ts for the

Accordi ngly, power transter communi cat 1 ons ar | MpOSSI
usi ng convent icdhenjcomrotiens do addt loadssin Smdﬁherlna!sm@@t agthegkhis mdesemﬂmeﬁam on

concerns i nNPr Qu404adeiSer S50 nﬁvla}{‘i‘agéﬁav@ E'ldv& ;“W’s%grwﬁ‘teq%vey

channel s i ncluding the I stri utlon I nes’ bet ween
vessel 8 and t268) adsentral Memlt%&s stag steRe fimere lopds renmingpactive, gtep RGLis again

underwat er g£ab}gada gﬁywm&ggoﬁm&gmgs@ahwesystemwth a control

processor 21 controlli ng communi cations to and fromone or nore
communi cati on chardheitep. 236 %o%ﬁklwﬂﬂl@}s may_ §mplyabs, ac derermiRation ito rvesifin ihat|

may include a Qndhdichiors With HRPEAESI processol Of adechlbidy. tfddh&k’ﬂeﬁﬁ@dnﬁi&dlﬂ tﬁ@?aﬁh

For exanpl e, each conmuni cation channel may conprise a first grou

repeaters 20 oopdition mexbs dewrayingd dtithe velage raveivesh @n\mwer@am& 2%@10‘“

communi cati on GRANARE (FRYerly \ﬁ‘égrﬂHﬁAbYe)COIH bﬂpbﬁﬂr Teﬁxbbd?ﬁédtdethé‘%{ntnbﬁm&fon()f
repeaters E)OSItIOI’led at an er of suitable locations wthin the

under wat er 1@ apletection lprfteﬁr"’égémﬂéﬁ based i plprality of peedetspminafayoltage tigsshold yalyesdes

a plurality of pffngn ﬁi@rﬁﬂ%ﬁﬂwﬁh@'ﬂf&&ﬂp&éﬁ&&iﬁﬁh&oﬁ?@h&@l ABetiASvi eaRd
at about equal d| stances from eaFch ot her he. underwat er

cabl e 2 i ncl udedd identifisdin st 231 (KoR examnlpy 9n thedirstdferation. theieleqical loadscasogiated ny

be di SItoosefl I awm%@g&ha{chmt dﬁg@éi&ntxh@TgEMeﬁovebmf tﬁée\:onﬁgefﬁé?wdyfm:tn The
respeC|vey 'S sed w 1N e S e.r ers nm e aljfernate
arranged with Yrerwatst sabli,igebeloyy; afinst Uﬁ‘?"l‘eﬁﬂ“’f"f &J‘"‘?lo?'ﬁn ﬁg;%ﬁ“é b e secon

comruni cat 1§n ﬁhﬁiﬁﬂeihe eldcmcmhlbadsaerssoaiaaa Gt the hhﬁpﬁammmmweém@ed ghmenel
I's segnented b the re Sr_g_ers rther he r@ eaters:. a I nters ersﬁ%yeF

at spaced | oca oltagerecyl qmp, e “cﬁtﬂe 2t §660R8 X an"@?é(
bet ween t he el eg.t |9|wm§ Of \teCthisd #t€rationgl tﬁeh&cﬁﬁﬂtldsaak apsodiaaswith the depald sdtding and

survey vessel ecordm %%Lg,{sr,%% enJItgeOngovgJ3 [ﬁltﬁe %%ge received from the underwater cable is
below a third predetermined voltage level, e.g., 8.5 volts. Step 258 then determines if there
20 are any loads left to shed for a particular voltage level.

In alternate embodiments, the fault condition may be determined if the voltage received
from the underwater cable 2 is below a predetermined value (preferably programmable) and
rather than removing the loads individually as discussed above, all loads may be removed
simuitaneously in step 253. In this embodiment, if the voltage received from the underwater

25 cable is below a predetermined voltage value (e.g., 9.5V, 9.0V, or 8.5V), then all joads are
removed in step 253 simultaneously. The electrical devices miy then return to the start mode
and idle waiting for commands to be received from the repeaters 25 (when load shedding
intelligence, e.g., a CPU is located in the repeaters) and/or control processor 21. The
commands can then be utilized to selectively enable one or more loads on a faulty cable

30 segment depending on the severity of the fault and the particular function required at that
individual instance. In this manner, the_ control processor and/or repeater may manage a
degraded mode operation where individual loads are time mﬁltiplexed to accommodate the
faulty condition.

In still other alternate embodiments, once all loads have t;een removed in the single step

70

SUBSTITUTE SHEET (RULE 26)



nunber of couplers 16, 32 may be disposed al ong each segnent of the

co

distribution lines to an electrical device 18 49 WD 97/ 11394

PCT/ US96/ 15128 | ocated proximate to a coupler. For exanple, each segnent of
t he communi cation channel may include one, two, three, four, five, six,
seven, eight, WPH#13¥4n  or nore couplers. Wien the repeat er®TASS6/E 28005 ed

in the SEMs, the segnents of the data communication channel may be
coext ensi ve w233, thigcprograrn dhencnyoneedsdo setrthariomypowee mode active aivb etercthe dow pewer

comuni cat | on foReGNRH broghif. U Rer 281, SRAIGH Bk b s dROR Norder

consecutive repeaters. re than two couplers 'may be included between

successi ve rep¥ih te sostiritical ipady bring replaced Singh! Forieramplaniy/ exemplaembediments, o8
data and/ or  pOogE ire inSrafidn tHe! eRiRrrichi1Gats | e bkl scpbrfaC becbragily, SVdofioll 8-

It has been_found that bufferin rovi ded by one or nore repeatéers 25
linits the 2fffupgtiopy may,be pgiivated, valtpgeciesived | froms the Gadesvaiercable is abave @) figpt

conmuni cati on WWmMe 10ugeival 88,9 5 Vol 6F tixBiona itetafiBn,

data conmmuni cation channel alone. Accordingly, power and/or data
transm ssi on tW®e elesticyl; logds aseariaed swittg the| compasst fyagtion apay P agtivatet ifc the vplipge

Segment s can C{apdived'fom fhidubfi@tater! EaBle 251 aBVE Al se€on@ PredbierMiieiani/of pfjgrinimable &
predeterm ned | evel by the repeater at an_end of the detuned se r{e%n&imna‘% be

sufficient to YAKegeclskel e-Be EQSN; Hw ther thind dterationy th flesfriqal jqads, pss
comuni cat i@NSachestit rffging fstionr Ay veativa®ad i Mélvallafi@ediVed ftoiTBE WalePratd b1 is2

15 aft of a detuned segnent. In sone of the preferred enbodi nents, the

repeaters 25 i#heredirdpeesaermined-andion proseammable valiags 19velaR-8ooh? VOIS- circui t s
154. (See Figs. 350l&- dier3® rhddes Hiay 2lsd D¢ ikiBl¥mbiftedVid enfBlé hikrafchithl BRd Sibddig.
exanple, in sone epbodi nents, the circuits 154 na sar{%lse data recei ved

from recei ver sCaues! fof shesemores may be,entirely within the clertrigal deyices; repeaters. apdipr copfrel ¢

one or nore pracessor. Alternatively, control for the hierarchical load shedding may be distributed
15 between one or more of the repeaters, electrical devices and/or control processor. For
example, one of the preferred embodiments of hierarchical load shedding is illustrated by the
state diagrams in Figs. 48 and 49. Fig. 48 illustrates the hierarchical load shedding associated
with devices, such as a dedicated depth-control device, or bird, a dedicated compass/heading
device, or a dedicated acoustic device, each of which may have multiple functions to be shed
20 hierarchically.

Referring to Fig. 48, from reset state 270, the electrical device may enter an idle state
271. 'In the idle state 271, communications with the device are enabled. If the voltage
detected by the electrical device using, for example, the A/D converter 214 in Fig. 42A, 42B
is less than V,,, for example 7 volts, and the battery is dead, the electrical device enters

25 shutdown state 272 and performs a clean shutdown of ongoing processes before powering off
10 a dead state. From the dead state, if the voltage Vpwr supplied by the main power line and
detected by the electrical device exceeds Vy,;, the device again enters the idle state 271. Vy, is
preferably about 9.5 volts for an acoustic device, about 9.0 volts for a compass/heading
device, and 8.5 volts for a depth control device, or bird. In the idle state, communications

30 between the electrical device and the control processor 21 are preferably enabled.

From the idle state 271, if the device receives a command signal (CMD), the device
may enter a mains-powered active state 273 if Vpwr is greater than or equal to V4. The
device may enter a battery-powered active state 274 if a command is received and Vpwr is
less than V;,. A command signal may originate from control processor 21 or from the
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20 systemclock signals. The system cl ock signal may be derived from data
on a separate line or fromdata on the inbound and/or outbound data
distribution lines. If a clock signal is to be derived fromdata on the

i nbound and/ or outbound data distribution |ines, the clock signal nay be

derived with @gshjseput recovering data bit information. FQiorRisaHA DY
I nputting either the inbound data or the outbound data into an edge

L 1 A SR i e A, o S e

recovered fronmit . ) The recovered system ¢l ock may
be utilized tastiveestae 874,1snd terdevieareceiven asMBsignal tha deyies macregniersthe idle sthten
remodul ating 4qe data prior to transmssion to an output driver circuit.

Al'ternatively, the systemclock may be utilized to sinply sanple data
recei ved from t hdnmainsippwered aetive state 273.cif Sirelectripal derigedefects hah ¥PWoIsilessthAPt h

the systens cl 9ck ml delitday GBI Bahed) pBRerediitive state 274. "TIRSterbis bltRedt! ¥ amaed

embodi nent’s, t'e out boun data recei ved by repeater 25 is sanpled to

recover a sysYmrBrevenss the gdevicn fiom qsgllating hefwesn hatiety-RRwsisd friecAnd RAINSROBETSH o
data to recovggvestiound data bit information. The outbound data is then
preferably renodul ated using the systemclock. Bit recovery so_be

|
perforned in a |i¥eecbagemyrpowersq active ’f‘?%@%d‘hﬁ&{e&?icﬁm%f“?ytcﬁﬁmﬁué‘ﬁ 2 IRQROr 5 5

may sanpl e t hgueRDiagt 167.2 If the BattePy 0o148¢ falid Below ialfeddtchfined 1eVAD) fof feddhiile|
PCT/ US96/ 15128 r écover ed i nbound dat a, cl ock d. then retrans t he
i nbound ddPa FHusY roks.ohe JRYich enfers amedapay E‘H‘?"c?@cwf?’&%@%g"’f e As

out bound dat ajndichted HtRe, AHOEArEEbssof DE of @O Espbfsrs map indBuct Gleevitd 1wl entbe the
additional circuit r¥ for perform ng . vario i nk control functions such as
error detecti ¢ S8 Urbyc’t?f“?‘%?F‘Bﬁmgg siggal) )5 |ink management functions.

Further, it may by faslideapdrfori® mulkiply factdhe £ deévice anOERdtae o motehaf those
suitable control circuits into the [elpie.alhelgasds%ﬁbelsrﬂe& ﬁgrséschx% (?di ments, it
may be desi r afngtions. For example, as shown in Fig ca y
15 The hierarchical order of the load shedding may be controlled by the differing voltage
levels set for each electrical device for entering an off/idle state and/or for returning to an
idle/active state. For example, when the power supplied to the electrical devices 18 is below,
for example, 9.5 volts, the acoustic function and/or device may be the only load to enter or
remain in the off and/or idle state (e.g., the acoustic device may reactivate at 9.5 volts). In
20 alternate embodiments, the acoustic device may be the first device to enter an off or idle state
at, for example, 9.5 volts. If the voltage supplied to the electrical devices 18 is below, for
example, 9 volts, the acoustic device and the compass may be in an off or idle state.
Similarly, if the voltage supplied to the electrical devices 18 is below, for example, 8.5 volts,
the bird may enter the battery back-up state and the acoustic de&ice and the compass may be
25 in an idle or inactive state.

Referring to one of the preferred embodiments illustrated in Figs. 47-49, when the
voltage is below 7 volts all of the electrical devices enter an idle state where only
communications with the dry-end electronics 5 is maintained with other loads in the electrical
devices 18 turned off. If the voltage is still below 7 volts, all of the electrical devices enter

30 the Off state. From the Off state, in the illustrated embodiments, the leveling devices or birds
re-enter the idle state when the voltage rises above 8.5 volts, ﬂxé compass devices re-enter the
idle state when the voltage rises above 9 volts, and the acoustic devices re-enter the idle state
when the voltage rises above 9.5 volts. In this manner, the electrical devices in the illustrated
embodiments may reactivate themselves autonomously responsive to programmable voltage
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to performbit recovery to provide, for exanple, error correction and/or
detectd or—cach-seC - D el e- 0 R CaaR—channe Di sposi-ng--
data link control circuits in each repeater may be advantageous in
applications where it is desirable to provide error detection 10 and/or
correction for_individual data/power distribution |ines. However, in
confi gur ati on¥MP4have a separate communication channel BEFHBIEASI2S e
dry-end electronics 5 and the electrical devices 18, repeaters which

i ncl ude data Pevelk kevsd tq Bp cticaligyrof gach electica) deyies pdioBecause of the

addi tional | at encipné phifderamrenitodinitats BAME et ideVices 38 EivwnGR Figh @9 iisoRaralied/ or
error detection process occurrjng at_ each repeater. 15 Repeat er s, 25
whi ch i ncl ude elestecab fevines pertrpdie lerarehical éhﬁﬁﬂﬁ aE'B‘Fﬂ“PHfIY'CFf”Cﬂ‘PP&ﬁ' Wﬁéf"%e
variously contieqsddQtedding prépraiiiing stateingtRiandiened by Fighoy7-02 mayp bé peformed byo
operate as_a full dupl e?p‘glnd or a hal f dup]ex. comrun) cat}o\%echanqel Qver
one or nore@ sPUTARTORESIOF 204, Wfthoyt communication With otger wes s gnd/of fhe Goptol Procpsso

connections). 2kig. 35 shows an exenpl ary enbodi nent of repeater 25

configured for co ni cation.oyer i.hgle lipe, i le Fig. shows .an 20
exenpl ary enbodi nﬁ%%‘?‘%‘éﬁ&ﬂ‘f‘l&“ﬁ%‘%@ﬂgi P@@sft% rq"ﬂp’lc‘ﬂfgﬁf’é%ummm where
conmuni cat i ng dRvedd dnvile péwes dine e andepwater doljlé Bxreduoedinni spedifiedrosden i response
utilized, the repeater %ai‘ pre.erabléé&g&h ured to operate over a single
line. Were f &t Preqsmpass faul 005,84 ilized, the repeater is

pr ef er abl yioconf i g@omeblt6f P edoftiminioativhs tredes mapomiee glacet iri Ihet individualnelsctrical
Referring to FEig. 3 an enbadiyrent, of . repeater 25.confiqured for
hal f - dupl ex 2§°‘g°°€‘o§ﬁ?ﬁr‘? ‘f’dﬂﬁ;sbsﬁ{)%f.e S &OVE e I8 Y AP gableor 8

i nbound dri verhitddwnf off exidrhalipogeriat the alevites; Vipendn Figs. 424, 42B goedjtazerst The

I nbound/ out bouynd dat a/ po distribution line.and a r.ecei or

recei vi ng dat °‘f‘?°8ﬁ‘%§“%§%?“§°d‘f%§?#“ﬁ%‘8ﬂﬂ“ o%‘?%oggfaﬁ dl!s?asf%lia{/%@%e' When
di stribution lpbwer.is festrddaie\deviess entst prtmarg communicatidfsImaeriey indisatechbyt state @8¥.or
driving d and/ gr .power gn.a second adj n'bg_r}l,ﬁ/ / r
distributidn Ii ne?réﬂ%"\é%reé'g’gfi%?s’l 5”%1"‘;/ gg"g?'?\ng*ug%lg 0?&%9%%%8%’?388%\; a.
from t he secowrontalljcircwitst canfifurerh ¢ endbleothe ceodtiolaprpeessor 2di andfdr ngpdaten 0 j spvatch

Fig. 36 is siml ' p iRt bhon BEs § ' 0. Forl

of °r epeat or - 20l Silsrlo e AR dariiler arplfn, 1 1 e bt 5

conmuni cat i ongxaniple, seanle regfeateth anap ripéleder @ dedundant driver circuit which can optionally be
switched into operation by the control processor 21 and/or by the individual repeaters. in

20 response to a fault on a particular distribution line. In this manner, instead of selectively
reducing the load along a particular cable segment, power may be selectively increased to
compensate for the fault.

A remarkable result of combining various aspecté of embodiments of the present
invention is that power may be reliably transferred to the wet units 30 with an overall power

25 transfer efficiency of about 60% or more. This remarkable result allows wet units to be
powered entirely from the underwater cable and has eliminated the necessity of supplying
operational power using batteries in practical underwater streamer cable applications. Further,

. substantial improvements have been made in the reliability of the underwater cable power
distribution and communication system 20. Additionally, the latency of data transferred from

30 the electrical devices 18 even while employing repeaters has been minimized.

While the present invention has been shown in conjunction with a towed seismic
streamer cable, it will be understood that it could be used in other instrumented underwater
cables, such as any towed hydrophone cable, whether for geophysical, scientific, or military
use, or with untowed, bottom-referenced cables. In any of these applications, the underwater
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enbodi nents of the power distribution and/or data comuni cation system 20,
the systemis operated as a full-duplex system and includes an i nbound data
conmuni cati on channel 51 WD 97/ 11394

PCT/ US96/ 15128 including a plurality of inbound repeaters alternately

di sposed withywo@iniseal ity of inbound data distribution Ii ne?cﬁﬂ%gﬁﬂzs
out bound data conmuni cat I on channel i ncluding a plurality of ou und

repeaters alt ral BLVELHY gizﬂﬁﬁ
di stribution ﬁbﬁgéﬁl Each dat a cﬂ%unﬁ%l*lodgdc% %lf coupl es the contrgf

processor 21 to the electrical devices 18. 5 1In sone of the preferred

embodiments, the WaleleidPexcibty bt m&:&t&m%wa&uk%%@%

di strlbutlon | ines are the saime lines. In the enbodi nents

and 36, powerehhodying e REesERigyeptians baykdeen-Bayn it wilhbe-yndersopd, afggurses that th

transferred Omyéaris@ ¢ AdtAinBRYES thele Smbbditéri? "Mbdifiuiths m&Ybelifade %mda@ﬂumeat h
the data and transferred via any of drivers 151 and/or "150 in a simlar

manner 10 Jasindf$cads PartigHyle injlight of dhe deregeing [irac r Keng¥amplegrin some

circuits. In anfyatheRR)itSndye daaraaxe&saﬁﬁme pBRaD sl aéc&tchpaevﬁas 19 &Pvodh R
underwat er power conversion circuif i_.ncl ude an qgscil]ator to supply

a power carri Bpoydzd quihound daty 91515'&“%5 -atln tHE MaBY6E, the APt} arpount g power

frequency to gifived oP&s dheliné ﬁwreabosdrmukt Qfendeht® Bom ) QdrRud SHEIdinTeRE
data are to be transferred. on sanme Line, it may bengglrableto

i ncor porate ta E%E‘?ﬁ‘h!‘eﬂdﬂgrmemf E‘t?ﬁ‘!“‘%‘quﬁmsl’m’&m&r??“ﬁ pnother empdirggat., o
circuits 390, Aaéi&emnil ﬂeﬂﬁmcatnbbmem of @i uRentRAd aay fﬁ&ﬁi‘d& ,motétar R&V®mpofkarsdat a

are transferr out bound data ver 51. One exa such an
embodi ment i s trafed e 708 GXAmplen ach Of re B3, $hONgMAY,
mai nt ai ned byuﬁnzaaﬁérbrtmbrag;fnﬁlfeanﬁesgaﬂduas \afidyor fafctidns ﬁfmSOIh&Idﬁﬂ)oﬂthﬁﬂSf &rif, ed.

The el ectricay, et Goinded ok ik S5nendod tHalths CovBi Y sudh RiificiSord &t Shy ZofibAbSon2 "
which incorporate the featres of this invention or encompass the spirit and scope of the
15 invention.

It should be understood that the invention encompasses all possible combinations and
subcombinations of the elements herein described. For example, each of the embodiments
shown or described may utilize one or more of the features, components, and/or functions of
the other embodiments. Further, the specification is divided into Parts I-VII to facilitate

20  understanding of the invention. However, many aspects of the invention span more than one
of the Parts. For example, the repeaters in an underwater cable may include structures which
distribute power, synchronize data, and respond to faults. As a result, the repeaters appear in
Part I: Power Distribution/Communication Structure, Part IV:  Synchronization of
Inbound/Outbound data, and Part VI: Fault Tolerant Structures. Other aspects of the

25 invention span one or more of the Parts. The various aspects of the invention may be

interrelated and are not limited to one or more of the Parts of the specification.
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20 idle signals to provide operational power and to provide power for
¢ harg-hrg—ahy—bat-t-eri-es—As—di-scuss re-—t-he- . o g )
provide a sinple buffering functi reshapi ng the signals output from
the repeater to have predeterm ne%[ﬂﬁm jl jl!"ﬂ In these sinple
buffering arranaerrents, receivers rh apreterably coupled directly
to the respectVYP@"834ers 151, 150. In the sinple buffering PEASIGISIS | on,
the repeaters 25 may not_ 25 include any encoder/decoder and/or |ink
control circuiWkatisda Ke sinple buffering configuration may be

advant ageous in that the repeaters operate to control detuning of the
power/data distribution Iines while jntrqducing very little |atency between
the survey vessel 18 #¥qURdsEWaier pawer digtritytion systemy for @ Plupditys pf, fievices
buf fering arrapgprany: may be less preferred due to the skew along the
underwat er cabl e as di scussed bel ow. 30 | . Afirst exe Iarx enbodi nment
of the encoder/decoder%HWWWiWe'MWWMPP@df@Bg%E%E 165 ¢ahlef he
power di strg bution andhegaindsdwar mﬂiﬁgﬁh@%hwm& tableshown in Fig. 37.
In the illustrated enmbodj nent,_ only encode/ decode circuits are included in
the repeaters with the?@%F ‘W?frﬂ?WE%ﬁlFftF‘ JUORilNES; i t s omitted entirely. O
course, data |ink contaQlurglity of ipbwer(distfbutorkiDbdch Geing eletiFigallyesoupled betwben the

o iae " Ol s " G2 or e pover lrbon ok 15 ot i From TR
el ectroni cs 5.powBelitkas @kcpovier Sistribition fide;fa@8 t he i nbound data and the decode
circuits 170 for the outboynd data nay, i n¢clude ciycujtry. such a phase

| ocked | oo} for recove‘Pipﬁ’éHg IW@E‘%&%@WMF&%@%&%’P@?&%WBW? T

cl ock to recoetleaeaph poatr distribdtion dine béing soupled o loa¢ by motenpowen couplerd and each
circuits for the inbound data 172 and. for the,qutbound_dat 71 | nel ude
circuitry for e Icg’{ﬂllleﬁgbeb‘ﬁ gis%aﬁ%loprgxga cRnec% %ee&vf"?se&?feﬁogy&ng I#o g‘é

di scussed i n roeximatedevide. bel ow, in :

2. An underwater power distribution system for powering a plurality of devices
1S  comprising:
an underwater cable including a plurality of cable segments, at least one of the
devices being disposed along each cable segment, and a plurality of streamer electronics
modules alternately arranged with the cable segments and spaced from the devices;
a main power line extending through the underwater cable;

20 a plurality of power distribution lines, at least one power distribution line
extending through each cable segment and each streamer electronics module including a circuit
for coupling electric power from the main power line to an adjacent power distribution line;
and

a plurality of power couplers disposed at selected locations along the underwater

25 cable, each power distribution line being coupled to one or more power couplers and each
power coupler being disposed proximate one of the devices for coupling power to the
proximate device.

3. A method for distributing power underwater comprising:

transmitting power at a first frequency on a main power line of an underwater
30 cable; _
converting the power on the main power line to a second frequency, higher than
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sonme enbodi nents it may be desirable to derive a carrier frequency CLK 174
fromthe outbound data using decoﬂ d then utilize this clock
to synchroni ze the inbound and ou nm mﬂﬂ""aj H ncode circuits 171, 172.

10 The decode circuits 170,*173 nmy *besthe same or different
dependi ng on t@{Q¢FRENes ati on schene utilized on the inbound r%afsqﬁe
and t he out bound data channels. In sone of the preferred enbodi t he

decode circuit CagPNfigured for 4 kbps BPSK while the decode
circuits 173 rr%?rkgsg g ?&gured for 32 kbps Manchester coding. The repeaters

25 di scussed above nay disgibyting ithee owar aintheoseconde fregrisocyi nra plugdlity raf paver
power distrib r ?mp fobsdel %@n% RS
optim zed for U%&sngguv‘\ﬂiﬁé&hmeq ower™ di stri butﬁnﬁﬁ% a @egommnﬁcaaﬂebn

system 20 shown in Fig. 6 preferably |ncI udes circuitry to interface to

both primry and SeCRRARLHG i 8 RILE & AR ERRAG5H 3 DA Redullicy FaRRT ent

of repeater 25, it is often deS|rabIe to |ncIude 't nk rol in each
repeater to packetize and depacketize data transferred to and received from

the dry-ends20 el £CtAPRnGGwRerl'povd diktddioh 'Gitn d8t PowdtBBNE phurdiy o?%i@ﬁ&i e,

Fig. 38 shows an exenplary enbodi nent of a répeater 25 configured f
operation wi t hcompeisiaghodi ment of the power distribution and/or data

conmuni cation system Z%W&&aﬁbgm ﬁew&ei;aﬁga.srﬂ,séaoadigqne WRerwalif civpeat er

circuit 25 has a primary data channel and a secondary data/ Eovver

di stribution channel. PhBai8cRMSH NS cxtspding, tpueh Jhe ppdepypter £3ole aad Axtanged gy

i ncl ude one Or ywiRMA SRR PG sigiR @P Sl ifst freqiéndySamci ated drivers and receivers
as well as underwater cable power conversion circuits in a sim/lar manner

as di scussdf above. Hov@e\PB'F ity QOF FORYFESIOM FIERiE gYinospdy 8% SPaged. losatians  alope, the
packeti zed andmiheﬁmdf@hmeaﬂh ?&pmélyaﬁﬂﬁed bétaben thé RiSinGRIVer Ghe &idrihel plufalify/SF

for transm ssigon_ over a pri nar%/ 2 anne] such as an underwater cabl e
gt

fiber optic nef§yFk cachfonyesions WEWC‘PG&‘E"’B TRAN POYYEE Sigpal\intp & Poves

receivers, encgigeibStionaibfalc a GRoaf feduedoy Gigh8r/thiudtht fiest Frequ@hcy. conmuni cat i ons
over the primary data channel. Further, the CPU and/or data |ink control

circuits 175 nmay be adapted to digitize signals fromone or nore
hydr ophones (not sOR¢ uadepweger chislé o288 wherein alie eacli eonestbion circuit is arranged to

15 convert the main power signal into a DC signal and then to convert the DC signal into the
power distribution signal.

7. An underwater system for transferring power comprising:
a plurality of wet units, each having a first inductor for receiving power;
an underwater cable having the plurality of wet units selectively spaced
20 therealong and including a plurality of second inductors respectively disposed adjacent to the
first inductors in the wet units;
a plurality of hydrophones disposed along the underwater cable and having one
or more first operating frequency bands; and
a plurality of power conversion circuits respectively coupled to one or more of
25 the second inductors to output a signal having a second operating frequency band to the wet
units, wherein the first operating frequency bands and the second operating frequency band do
not overlap.

8. The underwater system of claim 7 including a plurality of power distribution lines
extending along the underwater cable, each power distribution line being coupled berween one

—_—

———
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cabl e segrrent Further as discussed wrth respect to Fig. 40 V\/nere drrvers

[ ncorporate the dr| ver5151 i nto th V\D 97/ 11394
PCT/ US96/ 15128 power conver si on. c wl NHL“ ﬂ IU Synchroni zati on of

| nbound/ Qut bound Data A typical d when introducing bit
and/ or clock r¥@8UYMMA circuits i n the repeaters 25 is that XGEUSIEASIAS

| atency time nay be introduced. This latency time often 5 may result from
the carrier re@fomemywmmemwntmluemémne&mwmge &econdrindyesprsand; hefng

respect to the VBsi ﬁ&ﬁ,ﬁ
required to se"%g&ﬁ t(g)ng plrnielanbl e whic as a. fkgiejpe r?it'“a(h)srrttnt e lrit}ﬁer%:)er
of decoders beingladet @@@FW&QIPW"@MWMM disaibuied paramesrs

Fur ther el ect i &l pdGe oot the 1P Pl Ging S5 S B8 oo™

be requrred to ong prea 3 4 bit trnes for 10
each repeat ér epstafiegfrequencydiagdt ri cal device and the control processor 21.
Accordingly, a long latency time may exist before the control processor 21
recei-ves a response to a previously initiated request. This problemnay be
overcone by util i z9-né meteadAfitansiersing poyer ugdersa{ IOMBHUNE t r ansfer protocol .

Thi s protocol may be p%hhgulpﬁﬁhuy 8f tiydfdpRéties 181 EhdetWaidr CAUIEWHRLIE Bperst Gt one
bet ween the 15 survey vessel and the electrical devices 18 conprises

control and da?fdn%@ﬁé@sumt’% & el atively short nessage length. A
continuously active synmhstering powsrmicavelP froiCmOindsrdter @Atk 002 pREUKGLOL Wer

anmount of the bandw dth of the communi cation channel dedicated to start-up
and synchr dfi 298It gsing asecond frequency band, srhichdpgscnop pveriap the e iof RGTRTisst fequensy
synchronous prgdn@§¢ol , the inbound and out bound data comruni cati on channel s
are mai ntai ned conti nuousl y active by,

10. An underwater power distribution system for a plurality of devices comprising:
an underwater cable having an outer sheath and being filled with a lossy
dielectric material having a dissipation factor of about 0.01 or greater, the devices being
15 disposed along the underwater cable;
a main power line extending through the underwater cable; and
a plurality of insulated twisted pair ransmission wires extending through the
underwater cable and coupled between the main power line and the devices, each twisted pair
transmission wire having an outer sheath and a dissipation factor of less than about 0.01, when
20 surrounded by the lossy dielectric material.

11. An underwater coupling system comprising:
an underwater cable; _
at least one coupler disposed in the underwater cable; and
a plurality of inductive coils selectively disposed outside the underwater cable at
25 circutnferentially spaced locations about the coupler.

12. An underwater coupling system comprising:
an underwater cable;
at least one coupler disposed in the underwater cable; and
a plurality of inductive coils circumferentially spaced inside the coupler.
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20 for exanple, the continuous transm ssion of idle signals when no data
Is present. In a full-duplex s the control processor 21
preferably mai ntains the outbound data and/ or power |ine continuously

S, gt o S ol U MUMTRERR 5 7 i o
ern

be continuously active sendi ng»either nessag s br an idle pa e idle

pattern for the 2 d by the last repeater in

t he i nbound I|i nk, 513 {kg%ﬁtaer#%ﬂ% )t(%l 'rng‘%ﬁl?{% by a random or non-random
si gnal generator, and/omwemteseabyenwated on the aft nost segnment of the
data communi cation cha n r (;Efgc?‘g L@ﬂ@ |l e
signals are generated m&pnm ggoggﬁ@ ﬁ%s?ig eégrrgtnt t it J&E e
comruni cat i on Widenwater C Igachs cquplen !aﬂlpﬂmﬁ oBe] of roTp r ¢vds Juving ﬂbyOthhaVilEs@
repeater. POWSL,{EialP ribngiidrl sBitief Lrddf) séchibn A a SAng waﬁuaa%omeméi@ﬁ@mmanpn a
separate |ine vmt or wthout a power tree structure. However, in sone

the preferred Ehngular-seaped;core.ne power tree structure is overlaid on the
synchroni zed repeater structure in a conplenentary fashion such that the
out bound data and the power transfer utilize the same distribution [ine. 54
WO 97/ 11394 14. An underwater coupling system comprising:

PCT/ US96/ 15128 One pr objeiguapwhedr dafle! ENMENtiNng @ synchronous conmuni cation
protocol in a long underwater cable is that varying anmounts of skew between
the el ectrical devices firss aad seegnd lines exiendingdhrapshcthe,pnderwaler gable; apd i ng

uncertaintijgs. For exaniijGralif b?%ubie&&impgﬁ&h@ﬁﬁcé@lo@ﬁﬁﬁsil&%tﬁélﬁdﬂ%a&?w&é 8
may receive nessages an respond qui ckl'y. However, as the electrical_ 5

devi ces 18 beceash caupler ingluding af%h??‘h@%‘e@e? the S5t g ang second and thied, poils

devi ces 18 maycdhmiteddl 18 MeserdHdYind OwRETEIH MeSTiref aridSkdiind cHifsCRE Ghaball from Radhestheanse
froman electrical deV| ce disposed near the aft end of the underwat er abl e

2 may becone < fud {be first apd plgg Ff@;é {@re; ig close proximity for controlling cross-talk between 1rst
and second coils.

15 15. An underwater coupling system comprising:
an underwater cable;
first and second lines, extending through the underwater cable; and
a plurality of couplers disposed at selected locations along the underwater cable,
each coupler including an integral core having first and second portions and first and second
20 coils respectively wound around the first andd second portions of the integral core, the first and
second lines being respectively connected to the first and second coils.

16. An underwater communication system for communicating with a plurality of
devices comprising:
an underwater cable, the devices being disposed along the cable;

25 a plurality of data distribution lines extending through portions of the underwater
cable, each data distribution line being coupled to one or more devices and being tuned to
resonate at a first frequency with a predetermined bandwidth;

a plurality of repeater circuits coupled between adjacent data distribution lines to
form a data communication channel; and

30 a plurality of load adjusting circuits respectively associated with the data
distribution lines to maintain each data distribution line tuned to about the first frequency with
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responses fromelectrical devices 18 near the survey vessel 8. The anount
of skew may increase with inc i : j particutarly
probl ematic where it is 10 desirable to utilize a single architecture to
accomodat e varyi ng cabl e | engt hsL m of skew may al so
necessitate a reduction in the ba Em ljrmwmmﬁta channel in order to
achi eve rel i aMoP7a4 and power transfers vhil*e &1 owi ng f RCHEPHING cabl e
| engt hs and varying anounts_of skew. In sone of the preferred enbodi nents,
t he above pr ofe@resespmingdbapdnadd ingespapse o a failyre Moty a cl ock derived from
decodi ng data and/or a carrier along a first data and/or power distribution
line to synchroni ze data and/or a carrier along the sane or a different
data and/or power 'Hi The ynderwatshcomupnication, system, of Flaim jGwherein atjeqspone; of thejload
may be desir apdigstihg cidduith inéRAR firstfahd Sdcond Dénkr @i6des sitélyP Borkietied iRl Beries e

out bound data and/ or power distribution |lines 38A-38C to synchronize

I nbound data on the inbound data distribution |lines 39A-39C. In exenplary
20 enbodi nents, #8.SWAGKAGRWAE dith ConfdhicaFins BkteRi P boritudicatiag With & pld?&lity of
conponents _in the underwater power distribution and/or data conmuni cation
system 20 But W%FW?‘WH’BR&Q es fromthe dry-end electronics 5 or from

el ectronics disposed t e cahrbuBddomiciredie underwater cable 2. Fig. 39
shows a sinplified block diagramillustrati n&' one of the preferred
enbodi ments 25  of t HebEKPAaaFOPRWRICIYORS GFURG| at i onshi ps bet ween t he

various functional bl m‘de&iﬁ%o@mﬁ%hae@ngh?mﬁ%ﬁmm%mcﬁﬂmmwam
un

I nbound data synchroni zed wth outbo ata, In sone of the r.eferrﬁd
embodi ment's, SOTIMWRITAJONSCARERIE 1Q FWiIFh Rebverty the primpary dga FATRmyRIcations GRRwY 40 Béye
repeaters 195 geendafy dafcofinf@icitionftirdl@\ih fespondsStotadodsiof pbvies to the @letsical d@kvices.
and/or carrier clock to have an exact timng relationship with respect to
t he outbound data and/or carrier clock. Referring to the 30 enbodi nent
illustrated in Fi¢9. Afunddiwaterapoiverdisteibutiol sgstenm for Powveéring) af pharality iob devivds, ckattn by
decoder 170 rr@.be utilized by .encoder 172 to synchroni ze i nbound dat a.
Thi s synchr onP238 B FBP SO CIMP™BEEN t he repeaters 25 and in the
el ectrical devices 18.anfundérivater, cablehaving the plaralityaf ldevizry seddctivelyspaceddithereatobgs O
synchroni ze data encoded by encoder 171 and : :

a first line extending through the underwater cable and being coupled to the

15 plurality of devices;
fault detection circuitry coupled to the first line to detect when a fault is present;
am -
disabling circuitry coupled to the fault detection circuitry to disable one or more

Joads in a hierarchical order in response to a fauit.

20 20. An underwater power distribution system for powering a plurality of devices, each
having one or more loads, comprising:
an underwater cable having the plurality of devices selectively spaced therealong;

a power line extending through the underwater cable and being coupled to the
plurality of devices;
25 a current limited driver circuit coupled to the power line to output a bower
signal having not more than a predetermined current level on the power line;
fault detection circuitry coupled to the power line and including a voltage
detection circuit for detecting the voitage on the power line, whereby a fault may be indicated
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distributed to aft cable segnent ach of the repeaters
and each of the 55 WO 97/ 11394
PCT/ US96/ 15128 el ectri cal devi ces Bmﬁ

ut’ ‘lﬂﬂll in an exact timng
relationship so that there is no - m ng when a response

froman el ect ngg9}n,196Vi ce 18 is to be sent The particul ar 18hst he
timng rel atlonshl p may vary dependi ng on the nodul ation sc erre ut| I zed
and on the par z,ﬁg to inplenent the synchronization.
In the 5 pref %r%“é&gegimgkw I nbound data/carrier clock is
typically del ayed by a quarter carrr er cycle fromthe outbound data/carri er

cl ock. The synchrogi ze f“m; ﬂﬂ% s?RQM
dat a bandwi dth while rr‘tgnl m zi ng any B@ ngrggar Iagss of nu
repeat ers al orrgmptiginginder wat er cable 2. I n enbodi nents errpl oyi ng the

synchroni zed desi gn, %E%f&ﬂﬁ{’ ﬁhﬂg G"‘*R’r’ n I £
distribution line (incl Eﬂse g e g&e trica adéer}\??cglgv@ plrrgré%roabl y
has a carri®r dsMigescsppgetl gher n&lea%@vwehavx%qmeroemomlem. on a correspondl ng
out bound data distribu ch of the

tdla%ng 3rt£im ifr e infi s1@rpﬂra§ﬁ

el ectrical devices 18 a particula power
distribution line are Mvmdmdyabmmpgmmr@mmmmamaem FEBROBIEIP y

| oop and a bi tgt BB, 4gf@covery | oop which are continuously |ocked. Delay tine
or skew between the outbound 15 sjgnal and inbound signal timng varies
dependi ng on the di starl‘@\!efﬂgdr‘ﬁ{eﬁ'émﬂ’éﬂ@&ﬁ-er along a particul ar power/data
distribution line but is typically only a fraction of a bit tine (e.g., the

| ar gest del ay may be about 3 m croseconds in_one of the preferred
enbodi nent §0 wher e neAdethed forPPWer distribution apd corpmynication, algng,an undsogter cahle

skew on an i ndigyi . distribution line may be accomrmpdated by a small
adj ustnent in the tlmng recover circuit which nmay ZX ically be 20 |
acconpl i shed in a quar t@psfesfing pg % ffd,gata along a line in an underwater cable having a

plurality of spaced devices coupled thereto, each device including one or more electrical loads;
detecting a fault; and
15 selectively removing one or more of the electrical loads from the underwater cable
according to a predetermined hierarchy in response to the fault.

23. An underwater electrical device for an underwater cable comprising:
a housing arranged to be attached along the underwater cable;
a load circuit disposed in the housing;
20 an inductor circuit coupled to the load circuit to transfer a power signal from the

underwater cable to the load circuit, the load circuit loading the power signal; and

a control circuit coupled to at least one of the inductor circuit and the load
circuit to reduce the loading in response to a power level of the power signal falling below a
predetermined value.

25 24. An underwater electrical device for an underwater cable which includes a line
having a voltage, the underwater electrical device comprising:
a housing arranged to be attached along the underwater cable;
at least one electrical load disposed in the housing; and
a control circuit disposed in the housing and including circuitry for monitoring
30 the voltage on the line, the control circuit being coupled to the electrical load to reduce the

80
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An inportant advantage of the synchronized recovery
r epeate a - 80 S =Ta P21 S-S A a Ta k= al¥ a—9-0--CoNMpl et ¢ =TagalVA=Xs
buil d-up of timng uncertainties due to skew. Thus, additional cable
segnents and/or communi cation channel segnent may be added without .
redesi gni ng any of the conponents of the power distribution and/or data 25
communi cati on ‘g%‘{”e‘ﬂ’f‘zo. Figs. 40 and 41 illustrate detail e®CEUSEISIZY| ock
di agranms of the driver/receivers and synchronized timng recovery | oop
circuits in tHeadinswnense o the volge falling below apredetepmpinedivalyeaq 44 j | | ustrate
detailed circuit/block diagrans of the drivers/receivers and synchronized
recovery loop circuits in the electrical devices 18. 30 .. Referring to

Fig. 40, a repeat @°- Yy udprwags elecirica] device for 3 ymdervatsr cebleLoPRESNE;i ng circui t
152 for receiving signglconkéliRicirbit ertinged iel bd oaplant anid R¥vé poiver Frofuthe On

lines. In preferred enbodinents, the oytbaqun ata receivin ircuit 15
provi des pr opSMIFTWAERS gg@r&ﬁ%‘r"%@f%m H’éc}ﬂ'g't WW“‘HB&%&‘W@FWW@ on
lines and r3f qsddtshéddingChncaite ivg) Fedbicel the arhdlintibf powed redé€ieiiEort ieGintidrwatéOcableNia

3\3 8(7)-;12(113th a arh?ecrgcﬂ/ilcﬂ%r&}E-gsgclmtsiv%?gme”%h.'.nCl ude a conparator 189 and a 56

PCT/ US96/ 15128 | oad adjusting circuit 188. The | oad adjusting circuit 188
is discussed in re detail below. Decode circuit 170 i.s preferabl art. of
encode/ decode andfr APETTHEF SOTRTPISHOR SYHeR 1oL KRRuRRade Yy & miraly of
41) . As di scusteeidesdomprising:he circuit 154 nay be variously configured but
preferably includes outbound data .decode, ci.rcuit 170 . outhaound data encode
circuit 171, 5 inbouﬁﬁ“maqﬁ&agﬁ v&‘f&‘%f‘?"“’f‘/ﬁ”ﬂﬁ&'fp %m?a encode
circuit 178 as shown i aninbound d4@ distributicn linemnd anentiahind duta disteibuion dide extending
embodi ments, - te, gk DOUAL, A" i SEPHSHeRY S8 20 UErS b okl

at least one repeater circuit disposed in the underwater cable wherein the

| oops is that each

repeater circuit includes synchronization circuitry coupled to the inbound and outbound data
distribution lines to derive clock data from the outbound data and to transmit the inbound data

15 in accordance with the derived clock data, whereby a timing relationship exists between
inbound and outbound data.

27. A method of communicating data underwater comprising:
transmitting outbound data and inbound data through a repeater circuit in an
underwater cable;
20 decoding the outbound data in the repeater circuit to recover clock data; and
transmitting inbound data from the repeater circuit in synchronism with the clock
data.

28. An underwater electrical device for an underwater cable comprising:
a housing arranged to be attached along the underwater cable;

‘25 an input circuit disposed in the housing and arranged to input data from the
underwater cable, the input circuit including synchronization circuitry to derive a timing signal
from the data; and

an output circuit coupled to the input circuit and arranged to output data to the
underwater cable in synchronism with the timing signal.
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is preferably re-encoded by encode circuit 171 and then out put through

out bound dat a/ power di strl but| OH—H—ﬁe—dH—veL—]:&PAs di scussed above with
reference to Figs. 7 an ere dat a power are coupled to the
same lines, it may be deS| rabl e iﬂ!” Mlﬂlﬂgﬂ"m driver. 151 as part of the
under vat er caioRRRYE’ Cconversio eater ci r%h]sgéﬁsmy al so
i ncl ude an i nbound data recel ving circult 153 for receivi ng signals from
t he i nbound dat a d/ e preferred enbodi nents,
t he i nbound dat a ?ggcel ving ci rcu% pr oVl des"?pﬁ'rs'@ger term nation for the
i nbound data and/ or 15ecevingouthdund datdalengan vndenwateragabler ef or ns t he dat a
signal for input into ge j 0 ta receiving
circuit 153 preferabl y&"%@&u es [&Hg‘id%grej ec%af&%éeié&fg@ m nim zing cross
tal k fromthe out boundragsmittingiinheund,datg alohgs the anddrwateméablenid syischeonisimwish the
coils. In grefal g enbodi ments, the inbound data denodul ated and/ or

sanpl ed by decode circuit 173 is preferably then renpodul ated and/ or
re-sanpl ed by encode circuit 172. The renodul ated 20 and/or re-sanpled

signal is then ou ' ﬂ?‘foﬁ‘ Eﬁdéﬁu¥ Fig. 41
shows a detail ed %‘f’o@ﬂt“ga%%%n?&?%%vo ﬁﬁi pre erre@ybﬁ%ﬁgﬁkﬁents of the
encoder, decoder, and/awinfuctpk: a8dntrol circuits 154. Referring to Fig. 41,
out bound data from re%wcumzmglehw% ibddbiBr ® dohtréita mhémw.ﬂ;mghwed
| oop (DPLL) 156. The first DPLL i ncl udes an_edge detector hase
det ect or 157, indngtercresponsive iman fbermd; dagy it having: 3 bit tigw. ﬂ&drwsmlapmudmeq

159. The pigases Sito? chuplied 't theQikiubid o foie eésom{arcanﬁ%ﬁs reR6tiafitFeriv® ofdbout
whet her the phaﬂsde out put frgmthe NCO 1%9 is earlier ?ater or ‘t hg sanme as

the phase of beReen YMupf e bis ime andythe By gWE et ect or 155. The phase det ect or
157 may be inplemented by an XOR gate or other suitable circuitry. The
filter 158 is utilized to provide |ow pass filtering to screen out any

transi ent abnor maPlt ABJngerydierelecricak device fog p paderyrierable ¢orEPTisIRY er 158" may
be 30 inplenmented by g iinétodcanBY N counter or other suitable circuitry.

The adj usted output fromthe N 9 is then input back into has
det ector 157 to conpl e? @"YWW‘&HB‘“‘?%EPM‘&R df'glﬁ‘h%‘%ﬁ’&"%%"?‘gé‘g‘i‘ t ed

BPSK CLK) 158y ibparflienivity thedliubor, 2fd 8 6apaéitor touple@ 0 parhlieh with el thsforluency but
is preferably equal to the carrier frequency (fco) of the outbound data
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recei ved fromreceiver 152. 57
PCT. S A _nha a2t QO M aan%
desirable to recover data bit infornation

ded vhere it _jis

Phase denodul at o

r 160 preferably

recei ves outbound data fromreceiver 152. The out put of denodul ator

preferably in&yt into a second digital phase |ocked | oop 164 to recover a

bit rate cl ocRO%Mit rate clock is equal to the data ratRCH¥SsMsI28

out bound data 5 which, in some of the preferred enbodi nents,

kbps. The second DPLL 164 includes a bit edge detector 155

detector 157", a filter 158, and a NcO|

in-a simlar arrangenent as
the first DPLL 156. The bit rate clock fromthe second DPLL 164 and the
denodul at ed data from phase denodul ator 160 are input
Sanmpl er 161 sanpl es the denodul ated data in 10
bit rate clock. The output fromthe sanpler is non-return-to-zero (NRZ)

nd is utilized

data. The NRZ data is input into a bi-phase nodul ator 163 a
to nodul ate the BPSK clock fromthe first DPLL 156. In this
out bound data on a subsequent conmuni cati on channel ,segnent
nal derifvdd from data

transferred in synchronismw th a clock si
transferred in the i nmedi ately preceding

The output fromthe bi-phase nodul ator 168i s then( pr¥f erabl

mmuni catiidn chan

out bound data driver 151 for transmi ssionlacr &s_the $ubseq
segnent. The inbound data portion of Fig. 41 shoms\a squple
denodul ator 166 for sanpling the inbound ggta in nliurycti o

Manchest er clock (MANCLK) which is an eve
to the inbound data carrier frequency (fci

enbodi ment, the inbound data is sanpled at tQE/Lgb q*%ﬁta

frequency

1
r
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(fci). The Manchester clock MANCLK is generated by a third DPLL 165. The
third DPLL 165 includes a bit edge.detector—tbba—ra—phase—tdetector—157" ",
afilter 158'', and a NCO 159'' in a simlar arrangenent as the first DPLL
156. Sanpler 167 inputs the Manchester data from sanpler 166 and re-sanpl es
this data in 25 synchronismw th the BPSK CLK out put fron],{r.pg#dlgtzg DPLL
156. A di vi dVOYMBY rcuit, such as a counter, may be used to divide the
BPSK CLK signal down to the inbound data carrier frequency, which in the
preferred enbodi nent is 32 kHz. Sanpler_ 167 uses the divided BPSK CLK
signal to sanple inbound data. In thi sa“rﬁrﬁ@ t he i nbound data may be
synchroni zed with the outbound data w thout having to denodul ate the

i nbound data. 30 Figs. 42A and 42B shows a bl ock di agram of a
preferred configuration of the electrical devices 18 (e.g., a wet or
in-streanmer unit 30, 31) for use_in enbodi nents_of the _underwater cable
power distribution and/ of Idgta comuni cation system 20.+Refecring to Figs.
42A and 42B, the electrigalY ice 18 MAY refei we pefern, 2 r supply
200 froma battery, ag,Porfbi n¢ i g t(%)il Bg%omr,
and/ or a dedicated pogEin

PCT/ US96/ 15128 |ine. S&7|hee i ppodi nent, thed sgpply 200
recei ves power froma ¥onbl pg and power e bution Iine.
Power supply 200 may be \ bd_to_be any g% @wabl e of
converting received g8werf 3 r. In t{Ag I M4ust rat ed

ound da
i'scussedialove With regard

Dpe utiliyzed to rectify the
jsmooph tihe rectified signal

di stribution |ines
to Fig. 11, a full- w b
AC signal and a capaci#t or

enbodi ment, the powg%étbc i
1=

into a DC power signagg'll —__ \:.;',‘,l -~
mui | | 8 B
=" l o~ % 25 2
.
gQu | | , & ] -
§8=¢ | Dt g o I
EEE ! | _} ' . 2
/\ _}_, ________ __.:a:__'_—_ ——— % ;g _\8
o | 2 ® =
o= :u gj g b= —=
s < |jg B o Eég 'rfaf BETY
o §§n || @ \ ) EB[ y w i "
5z 32~ |g \ ® g 3z & S
22 @ 1R Y, Yl B | YETN
Eg Iz, 282/ b ~ 18 ] R
52 1518 | E718 e
2 I O e S s EH] I
§8 3 I %)
2 1| E Lo
O i -
%‘g‘ic | A
EEST| ! [ 1
=l FETI T o 5=° _j\
K B —_ —s
! &\ 8 .
Wt st - ¥ TET - rj\\n ™ M
| | =285 & o2 | 92 o
GEgE | BR | %R S -
~ L7 (5] b
B4 s
|

)
:



(Vowr). A power limter 201 is preferably included to limt the anount of
power a device can draw fromthe cable A powsr—limiter—can- alse—be—used to
limt the power drawn fromthe 10 batteries. The DC power signal nmay
thereafter be regul ated by, for exanple, a DC voltage regul ator or other

appropriate DC to DC converter 210 to provi de operational e
CPIrOcuPts cont MOEH1I% t he el ectri cal dgvi ces 18I.O I n sone e%sﬁé'gﬁl%? it
may be desirable for the electrical devices 18 to include one or nore
batteries 212. In some of the preferredae i ments, where batteries are

I ncluded, the 15 batteries are recharg via battery charger 211. If
batteries are included, the batteries may supply operational power in the
event that power is not available fromthe underwater cable 2. The
batteries 212 may be switched into an operating node by, for exanple, a

di ode or an electronic sw Eﬁ, [T "an électronic_switch 2 | tilized, the
battery charger circuits 2LTQ bl y lLncl ude ect or

whi ch outputsalowvolu;%\gls\% 0 thef 20 {en

M croprocessor 204 may gZwhl ad
the | ow vol tage detect i@ F
detect a | ow vol tage di rgpcl

el ectronic switch 221 may pé

2pP4.

[ sp'ansi ve to
%r 204 may
lugnbotli ments, the
_%e’_zt_!_i By—+he tgtg el Ct or
ag§

211 in response to fopxahpl coﬁtiition. - In sone
of the preferred enbo ngs, vegter 4 rece %Itage from
the input to the volt Epdulators ng a ear"éf‘é"\'/ﬁﬁt ge ffomthe
out put of the voltage ul at’ S p.e.l:..._thei n?croprocessor
204 can monitor the vili@agk!rkcei Bhe unbprwaier pable 2 as well as
t he vol tage supplied fr, "Itfe SCRheg present\an The
vol tage regul ators 210 @ §r | 3 St ut - down be 30
utilized to isolate theggnpyt ¥ R fewhen—power 8ddequat e at
the input to the vol tagdﬂr.zbgw ME— I TIOproces y control
one or nore control | eg&ir fuil ne) vol toﬁgj'é"/al ues d&t ected by
the A/D converter 214% I qower;sergzﬁl ntegral-With the
m cropr ocessor 204 as u réxanpl e, w Q I +
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the Motorola 68HC11, or be a separate unit coupled to the m croprocessor
204._As di scussed 59 WD 97/11304.. . : .
PCT/ US96/ 15128 in nore detail below, the A/D converter 214 nay be utilized
by the m croprocessor 204 to initiate various actions by one or nore
controlled circuits 205 di sposed within the electrical devices 18. A
power - on resetV@PVIIMt 213 may be utilized to reset the el eREFPPSISIARY| ce
should 5 operational power be |ost fromthe underwater cable 2 and should
the batteries be not present or present,a égbnoperative. The el ectri cal
devices 18 may al so i nclude out bound déﬁdp eive circuits 201 and i nbound
data driver circuits 203 coupled to encode/ decode circuits 202. The

out bound data receive circuits 201 may include a voltage divider 62 and a
conpar at or 63 which may operate 10 to reformthe outbound data signals
prior to decoding by the ade/ decode_circuits 202. The inbound data

driver circuits 203 may b& 'variously configured to incl ube _any suitable

ta signal,&crods any number
: au"%e T® and the
5

driver circuit capable @f [Qr{
of suitable coupling atisapgeng

L Py
he recrirrca

|
|
i3

underwat er cable 2. | prg Haept-s—t-he i iQle _L{cuit 203 is
configured to drive ard@n c} [0S &t ransf o mi[%h
i nductively coupl es thewswet! QLS un erer-wat-er—en e e i nbound
data coupling transforérer.][.ri:ﬁ& ' oAy —Sae—t Esméhe coi
di Zposed in the ?Eteﬁ e;_tI /ub g}rv_vgtte ?:a(l:j)l e] aggj,a%prl mary
side conprising the i ectr{c¢al dev " &h sone
enbodi nents, the inb Thdt sfayr Ter  nay h :-;}b a |"™akage
i nduct ance of about o] e,Nlapout. _94% or=20 nore (i.e.,
a coupling coeffici ent"’agf_‘_Ab &8 {of jexagpl | _about 0.06 or
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this environnent, the inbound driver 203
I NREUNA QUD N0 al QOr e A a -l - Viv

nore of the load is the | eakage i nductance. The inbound driver circuit 203
preferably drives the primary of the inbound data coupling transforner with
a signal which enables the desired data signal (e.g., a Manchester %ﬁ
signal) to beMOPHMEced on the secondary side of the transtTEr 151446
operation of the inbound driver circuit 203 may be seen with reference to
Fig. 43. In operation, transistors 216gﬁﬁ3g318 are normally both in the ON
state with the output current |out neget’l ¥o A negative to positive
transition of the inbound signal on the inbound data |lines in the
underwater cable 2 is initiated by nmonmentarily turning OFF transistor 216
and turning 30 ON transistor 220. Transistor 216 may be turned®0OFF for a

driving the primary side of the

period equal to hal IQI_ULE__[_QSQD_aﬂQe_p_eU_Qd_Qf_Q&Q&CU.QL an |}uctor
231 (e.g., about 1/4 g bit tinme). Since the nt jRQ toe i annot
change instantangeygly, the current flows f o :& pagi y riop”’t he
next quarter of resonance cycle. The gu §Q-_r1 fl ows
fromthe capacit@®=J2p to the inductor 231 iggl ¥ ) ctThn. This
produces a negati e ltb 60 WO 97/ 11394 ®

|
b ]
PCT/ US96/ 15128 posi ke transition of the j d?c slanal orfit M smbound
data distributiad |ijnks. Transistor 220 is}OFF_and }ransi stdn 25% d 219
are both in the¥8¥ sthte with cuf ent |l oUt _posi Frwg. 1S i myﬁi
positive to neg ransiti fi t&e inound signal gn theiinb und dat a

distribution |i B i nl t he undgrwat|er #abl ¢ 2Jsnitiated by nmongntarily
turning OFF tran® st t 5 217 and ' _ip [ r 220. {Traftsi stor 219
Fapert —'E]@T”fio—'_ﬁ_a/_ i r&onm —peciod @F

may be turned OFF &

capaci tor 222 an#id ctor 231 &&%)., on®f ~a bit nce
the current int “'i'n uct or chpng&s.c aﬁg\gi bousl y, t g ent
4 o O -
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into capacitor 222 during the next quarter of the resonance cycle. The
current then reverses and flouws fromthe capacitor—222-to-theinduetor—231
in the opposite direction. This produces 10 a positive to negative
transition of the inbound signal on the inbound data distribution |ines.
The resonance period of the 'driver circuit 203 is determ ned_by the
resonance cir AW ¥¢ned by the inductor 231 and the capaci ¥oYVS¥$5128me
illustrated driver circuit is particularly advantageous because the energy
is stored in the capacitor 222 while tEﬁé%ﬁELent i s changing directions
such that energy dissipation is mnim : ergy is alternately
transferred between 15 the inductor and the capacitors to conserve energy.
In sonme enbodi ments, the inbound data coupling transformer has a relatively
| ow coupling coefficient and has a secondary coupled to a relatively |ow

| oad i npedance. Consequently, the inbound driver circuit 203 may be
required to generate a relatively large current in the primry of

transforner 230 (e.g., 3.6 anps or nore). In tk enbodi nment
of the driver circuit 203, virtually the entir? current f inglin the
circuit (e.g., 3.6 anps) may be reversed jn dinfection wigfifonlyla m ni mum

circuit 203 may draw from V9 onlyiag‘nallzfractlo of thlegcmr e
in the transformer 230. In th ciQCUKLEE%Tu trated in Filg-A3]
S

sy

of dissipation. This is a renmarkabl ef)',result since tge i n{bgumﬂd

he i nbound
an anp

NG ijon &f
 Eridods e

data driver circuit 203 only r&quire

(e.g., 0.24 anps froma 25 \% y ts, a 3.6
anp current flowing in the prEga®ry silde he {i datja coupling
transforner nmay generate a 1.%; k/{peak ﬁgna P i nboundjdata |ine
even where the | eakafe i nduct®e®de it he transf qr gés current
source, such as a swtchnode cu nt source 229 s_{t he) operating

=

current ldc (e.g., 3L6sa anvelfi @ilency of

about 85% or greaterT 80 Eogicg 24-228 can
be seen with referenge®t réaga BPATOUT) from
t he encode/ decode ci [ cuj ifnput AND gat e
224, into an input o 2 nd into a
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gates 224 and 225 and into buffer 228. 61 WO 97/ 11394
PCT/ US96/ 15128 The signals output from AND.g
226- 228 drive the gates of MOS power transistors 216-220. As shown in Fig.
43, the DRV+ signal is pulsed positive for 1/4 a bit tinme (Tb) whenever it
I's desirable for the inbound data signal appearing on the H@%

di stribution WP##313%4 the underwater cable to make a negati R#E9ﬁ03|t|ve 5
transition. Simlarly, the DRV- signal is pulsed positive for 1/4 a bit
time (Tb) whenever it is desirable for'r)a?gnbound dat a signal appearing on
t he i nbound data distribution lines in'th nderwater cable 2 to nake a
positive to negative transition. The illustrated MOS power transistors
216-220 and the driver circuit control |ogic 224- 228 are exenplary of one
enbodi ment of the invention and nay be replaced with any suitable 10
alternative arrangenent. For exanple, a bipolar transistor wth a di ode

connected between the emtter and coI | ect or " ..substltut ed for the MOS
power transistors 216{ggp- |—urv2‘rre .7#2 one eﬁ ts. the | t to the
gate drivers &% fay b H;p-t- gy essor| 204 or

W th ot her sultalbasAT nCT oV, ,Ct\gu,groaﬂqe a - Sijgnal s
shown in Fig. WaouRDs ' 2033 -nbound

data fromthe el ®8TRi dab,defEes | helhrdervvat el Vepbl e 2 af tier

encodi ng by the__encode/a?% Al M hgstbbliiporeraldri Ve circuits
203 may be confd dlto]d L el np]}j!ata LghpIlBURBLYYH sdf fli ci ent
power to causesgPrLYCDT - ” a s TgntT alTly srgnal

i nparted on the WFound TELE =i )q r@w y tHe ~driVer ¢ifcuits 150

-]

di sposed in the repeaterb| 25 T See—Fg-140- T p pf the preferred
enmbodi ments, the i nbound: datﬁpﬁtémwpﬁ'ﬁ!} IR i 5 conti nupusly
| CONVERSION | || CONVERS 10N 66 |
| CIRCUIT _ || ||~ CIRCUIT I
| o i)
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58 Y Y B mrﬁ I8
\ 18 58N i | |+ 7
T DEVICE DEVICE
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active sending, for exanple, idle signals. The idle signals may originate
as ol se-al STANE A ATSR -5 S s = s 5 a & e 2
i s conmanded by the control processor 21 (Figs. 3-6) to respond,
el ectrical device 18 may be configured to sinply "blast” a response onto

t he i nbound data distribution |ines by overpowering any existiQ% %ignal

bei ng sent by@f’@“’fepeater circuit 25. The control proces%‘(;'f/u §/15128
preferably time nultiplexes requests to the electrical devices 18 such that
the electrical devices 18 do not inproagz} onflict with each other.
During periods where no responses are inﬁ ransmtted by the electrical
devi ces 18, synchroni zation of the phase | ocked | oops 165 (see Fig. 41) in
the decode circuits 173 of 30 repeaters 25 may be maintained by the idle
signals. However, as discussed above, since the electrical devices 18 are
synchroni zed with the repeaters, the electrical devices 18 may sinply
transmt a response onto the inbound data distribution Iine with sufficient
force to mask any data/idleygjygnal s being transnmtted by driver circuit 150
of a.repeater coupled to an @aft end of the inbound data distribution |ine.

age ata¥a Q I\a¥Wa¥a a Q

In this manner, a pc?gggie y not be required to be 62 WD 97/ 11394
PCT/ US96/ 15128 aggeds pEIddn$ & Elddt (¢ d aynd| dlaktld {dij$t ri buti on
line by the elecggﬁcal 5e3?3vs 18 to synchroni ze the phase | ocked | oops in

t he repeaters. Acgﬁﬁg' y, latency tine is substantially reduced. The
encode/ decode cir EA 2 pvéfor--. -3 HAHEHOR—5 Rre—engode/ decode
and/or 5 | i nk cdeaprddibzZei (i 54 descri bed above. The encoderdecode
circuits 202 naﬁbgpzﬁgﬁgbed |0 microprocessor circuits 204 directly or
t hrough one or noreu Dl in ointm ¢ r[um sNa961 NN R e el contro
circuit 206 is utilizelA™i{flsome—of  the preferred enbodieEnts, ~the d
i nk eesc encooeos (11} (N(VINNANNNNANNNNLCLNL
e JUUUTUUUUUU0U00U0UU UU

ata

FIG. 10




control circuit 206 is preferably a high level data |link control
i ntegrated circul a¥: Hbe 305 g Lfasti-L-ad-b = a =X=y=
enbodi ments, data link control may be 10 provided at the control processor
21 and at each of the electrical devices 18. The mi croprocessor circuits
204 are pref er‘ﬂﬁbyugﬁupl ed to one or nore circuits such as rrerm@/ 220
and/ or one or U Bntrolled circuits 205. The n‘icroprocesgﬂ"U et s 204
may i nclude one or nore nicroprocessors or other logic circuits such as a
Mot or ol a 68HC11 and/or Mbdtorola 56002. ?@qﬂ ng on the particul ar
application, type, and | ocation of the'9 5 ectrical device 18, the

m croprocessor circuits 204 may be configured to control one or nore
functions in the controlled circuits 205. The controlled circuits 205 nmay
be variously configured to include one or nore functions. For exanple, the
controlled circuits 205 may include one or nore of the follow ng functions:
a) conpass/heading, b) pitch/roll, c) acceleration, angular rates, nagnetic
field, 20 optical ranging/ bearipng, flotation, position detection sensors
such.as hall effect sensogg to mo P;L fog _exanple, the pogdtion of the
vanes, d) notors, e) dept ensors, d f) "atqustic rangigﬁ evices. In
sone of the pré¢TErTEd enpodr'ments, [he conpass TgnctTon 16rns alf1 sl

el ectrical devilcef (yhe vEvertig Tel gt ed¥ronc TPy (e
position detectiorls, pitc®rol1“détectiofff fokn
and the acoustilc kangi ng functiops forma 28
Further, in sode(lMitihe preferreg enmbodi

whi ch includes!th
45 shows a detaille i
recovery circuits S 6 < -6+ Hreht s ~t.he |

el ectrical devijces of the invent{on. The out boundi data deco le ci rcui I{s of
Fig. 45 are simpilar to the outboungstaberedecade ¢ r ceARAsLERD ! of Fi 41
and desi gnat ed-T]vm th simlar nunbérs. PARAMETERSDI e,: tﬁ@é‘ﬁ@é@it}iﬁ%ﬁ? he
circuits 155A-161A and 164A is sybsbsniaiLond wowke sare—as—-ne- epera on of
the circuits 155uNDEGWATER LABLEBES di %W&Z&W@Smth regard to Fig. 45.

Details of thelo%_'@l‘ VE‘FSENese: M adt rep ith regard to
the operation &f -t E@Eh‘pgg T 3al—gevi ces 18. w2

(HDLO)

\Vi e

aVlaVa a¥a Qi

k di agrain of the enc

{HtFy| db ouTBoUND /Eg‘éé&’u%‘#“‘mo
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In the circuit illustrated in Fig. 45, the bit rate clock fromthe second
DPLL_164A_the 63 WD .07/.11394.

PCT/ US96/ 15128 out bound non-return to zero (NRZ) data from sanpler 161A,
and the BPSK clock fromthe first DPLL 156A are output to the data |ink
control circuit 203. The inbound data portion of Fig. 45 shows_ a nodul ator
168 for nodul VPAY¥He i nbound NRZ data fromthe data |ink ESHUSHMSEE, cuit
203 and a sanpler 169 for sanpling the inbound 5 data. A divide by N
circuit, such as a counter, divides thﬁgg? K signal down to the inbound
carrier frequency, which in the prefer odiment is 32 kHz. The divided
BPSK CLK signal is input into sanpler 169. Sanpler 169 uses the divided
BPSK CLK signal to sanple inbound data. In this nmanner, the inbound data
may be synchronized with the outbound data in each of the electrical
devices 18. 10 Sanmpl er 169 outputs a Manchester inbound data signal
to inbound driver 203 (shown in Figs. 42A, 42B) and to an edge detector
170. The edge detector 170 outputs }Bcom'rur?ati on ive signal (CDRV) to

i nbound driver 203—Rart M. CommuniLating With Lk pat-or—-Gabl e Power O f

15 Ther e are—wperarrne—cord - urd r—cabl es where it nay
be preferabl e to-compuni-cate—w i , e l—and—wei—unit s when nain
underwat er cabl e p_QS'%f_'f';%_“ LT a3 i thout power supplied fromthe
cabl e, the in-streaner Bive4 y 55 i ncl ude backup batteries.
Because battery poOwWEkRalS -4 RQUAT ~ GO imcati eis
preferred. One asp_t_a_cgof___ gaY PR _z_i_t_l__o_ns__rmge_gf@'erably

i ncl udes 20 bypassing thg RS B heqgut bound data |ines, the

i nbound date Ilne-s——er-Jaet 7 SOt pf e+ Rg- -6 Fg. 40, one

———— —— d—— —— — —— — — — dm— w—




|ncludes bypass smntches 53 to bypass a repeater anng the i nbound data

conserve pomer and have very Iom/contact reS|stance. Cbntrol CIrCUIt 52
sets the switches to the bypass state when the nmain streamer 25 power
switches OFF. In the position indicated in Fig. 40, switches 53 are in the
primary conmuYR¥H$Ms node. Switches 53 preferably provi dePFEHIN
contacts, as illustrated, to further increase reliability. \Wen control
circuit 52 moves the switches 53 to a bxraichosition, t he i nbound data

| i ne becones a continuous |ine througho cabl e, bypassing the
repeaters. The inbound 30 data w ndings of the couplers are connected
across the inbound data line. A conventional conmunication system may be
used to comuni cate along the inbound data line running the entire |ength
of the cable in a backup node. For exanple, U S. Patent No. 4,912,684

di scl oses a conventional comunications system which may function as the
backup conmuni cati ons system of the present invention. 64 WO 97/ 11394
PCT/ US96/ 15128 Anot her aspect of a backup conmuni cations no i /gl udes
circuitry within tRe—indiwi-dual devices—t0o communi cate ogver.fhe continuous
line. I'n the illusjrategggenbodi megn. at he i nboungydata |ine o erably
operates in half-duplex wheh the nain cabl e poy OFF. 'As a
consequence, the |nbounﬂg coyls inthe wet unitg ardlin st#eaner

dat

devi ces preferably}5 e _Ci %hbﬁﬂﬁﬁpabl X q daga fromthe
survey vessel. Figk 42A and rtiostratebackntT e iy catiohs circuits
202', primary commbni cations cirg T (GRN) ~S1 and|S2, which
swi tch between pripary and kgcko i cdtifofs nole ik an eléctrica
device. M croprocessor 204 mrefdlasiaprcont roys swnb€heshs1 and!S2. When the
mai n cabl e 99— (RED)
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power is OFF, Vpw approaches zero, and m croprocessor 204 actuates
swiiches S1 _S2 to 10 swtch jin-backup comminications circuit 202
Backup conmuni cations circuits 202" preferably include encode and decode
circuits configured to encode inbound data and decode out bound data using
conventional nodul ation techni ques, for exanple, frequency nodul ati on (FM
or phase modu®2¥6#3%¢PV) . In the backup node, the devices neGI/UIHHEIAR cat e
at a lower bit rate (e.g. 4kbps) than in the primary comuni cati ons node.
In this manner, the 15 electrical devhéﬁziﬁég able to comuni cate with the
survey vessel when the main cable powe and conserve battery power.
Part VI: Fault Tolerant Structures A common failure node of -the underwater
cabl e power distribution and/ or data comruni cati on system 20 is the |oss of
one or nore electrical devices 18 along the underwater 20 cable 2.
Efficient power distribution to the electrical devices 18 fromthe
underwater cable 2 is preferably conducted usiBg tuned power transfer
circuits. However, it was found that tB3® | osg of one or nore el ectrical
devices 18 fromal ong the underma;eL_“ug‘h“\often diécr eased the bandwi dth
of the tuned power transfer cir IRk ng FMaQ: nd data conmuni cation
. { n B ~ I n accordance with
Wi g,ed with this
\w3$ di sbgi bution |ines
pg clircuit 188
K or—and@ or dat a
N\AC\By7 be di sposed at
A qnq@ as, for 30
1 the r epeat er
t he coupl ers,

the present invention,
failure node nmay be §z
as di scussed above and/ or
(see Fig. 46) into QY
comuni cation system 20.Y¥
any |ocation al ong '&#Ep;
exanple, in one or nore
driver circuits, oreg !
and/or in the terniag%o‘
underwat er cabl e po '

"' il
5
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WD 97/ 11394
P 06/,15128 d NL S aVaE=Ta¥a Vo VERF- Y SN VYool e AT T-EST s 25 8—S
| oad may decrease the bandwi dth of the tuned circuit in the driver 50,
maki ng out bound data communication difficult in conbi ned data/ power
enbodi ments. |n accordance with the present invention, the reliability
pr obl ens assoéY%?’é’dgmth this 5 failure node may be reduce 96/15128

i ncorporating a load adjusting circuit 188" (see Fig. 46) into the
underwat er power distribution and/or data conmuni cation system The | oad
adjusting circuit 188 is preferably di KpeABDin the driver circuit as
shown in Figs. 9 and 40. In one of the preferred enbodi nents, the |oad
conpensating circuit 188, 188" includes two oppositely connected Zener

di odes coupl ed across the power distribution |ine at- or near 10 the

recei ver 152. O course, other |ocations are al so guid alg e. Bygoppesitely
connected, it is neant that the Zener diodes are dpnfecided iwn Ke i§$ acr oss

the data/power distribution lines in a cathode t® C
anode configuration. For exanple, in Fig. 40@t J K,
188, 188' is shown as two cathode connected, o /".& IR acr gs
the outbound data and/or power distributiorfylLi / 0 N

exanple, the circuit may include one or noreg
the voltage on the power distribution line
anopunts of resistance in response to a cha
| oad adjusting circuits operate to control F N
power transfer circuits due to, for exanple,%log§>‘

{hode off i qn Jagpde to

I nductively coupl ed | oads g6—salorg—the under ye 'f
Is sinpler to deplwy, not requLLanyq lfoad fig’ory &
| ocations. In pref§ enpodi ment N (i may oad
adj ust ment circuit gf.g., —€ |
&,?J [ 8' : u.
| w o o n
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t he Zener di odes) such that t he voI tage ri se assom at ed W|th am sal I gnment
of the-coils in . the ! - - a -
| engt h/ wi dt h) does not tr| gger the Ioad 25 adj ust ment ci rCU|t to actlvate
Activation of some enbodi ments of the | oad adjustnment circuit may cause a
| oss of power transfer efficiency along the data/power distribution |ines.
Accordingly, tYRIYMIM adjustnent circuit 188, 188 may be dBSTHIEASKES
engage just above the voltage rise that may be attributed to one or nore
coupl ers being msaligned within the 30419.? tol erance. 30 When a
fault along the data/power distributi ' OOCCUI’S | oad may be renoved.
When | oad is renoved, the voltage al ong the power d| stribution line
typically rises because the Q of the distributed filter rises. The | oad
adjusting circuit is preferably configured to add dis ipaté nto e
circuit to keep the Q of the circuit relatively const fafi t hat e
bandwi dth of the distributed filter does not change. § § 97/ 11394
PCT/ US96/ 15128 In preferred enbodi ments, the | oad adj yS@atiEcircuift 188,
188" may enable the Qto increase about 10% or nor € beron he | oad

adj ust ment takes place and reduces the peaks fof the waveforua‘tg'l'hl g 1s
particularly inportant where power and dat e % 5t [3but ed>on t hg sang
i ne. Where data and power are distributedpon me \i mswy be w
desirable to 5 mai ntai n the |oad resistaice mna.l f or t_t‘,t__g
distributed filter to operate with the proper| dgit 2 i gt i tihe e
vol tage on the power distribution [ine increa , < om nal _desi gh®%
val ue, the bandwi dth of the filter may contLa ; Wef:qrmt&ﬁ
become distorted. Accordingly, it may be difff dul |8 8, Pa
. . mq
at the next repeater, and hence the.conmuni ca & channel [nay 3)525
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10 A load control circuit 188, 188', which includes Zener di odes,
may be particul arly advantageous because when all electrical .devices—18-are
operational, the diodes do not conduct and therefore do not consune
preci ous power resources. Further, the Zener diodes are sinple, easy to
i npl enent, and do not add S|gn|f|cant wei ght to the undermater C 8
Part VII: H evw@PtHd¥al Load Sheddi ng 15 The main po ?’ﬁ 283 in
t he underwater cable 2 powers a plurality of spaced electrical devices 18.
Each of these electrical devices 18 may be designed to draw a predeterm ned
current as determ ned by an overall pd /wdget for the underwater cable
2. However, when a fault occurs along any one of the plurality of
dat a/ power distribution lines or in the electrical devices 18 coupl ed
thereto, the current drawn fromthe data/power distribution |lines may 20
exceed the maxi mum al | ocated predeterm ned | oad. In extrene cases, the
vol tage on the narn“povm—ﬁ'nE"beconE's gaded—amnd ~the entjre un wat er
cabl e becones |nqperat|ve In | es§ Aa%& ngwcas d especjaldy re

ngl

power and data arje coupled to a sE : wer dEstri but ling data
transfer throug he plurality of Dy pbgconme |nopﬁ€2t|vqipver t he

faulty cable s nt. 25 gny enbodi It my be
desirable to confjgure the seco‘d DOWE j i 2 of each power conversion
circuit 50 (Fig. 18) as a cu ¢ aYall. t s ,  power
supplied to a power distributiopJ] i ‘Iar cabl e segnment never
exceeds the maxin m al | gcat pd cqrr?ntnjn ng the] cablle segnent
si nply causes the voltage ajong|th¢ cd to drop whi{l e the current
remai ns substanti@ally cgnst pnt. {3D p in vpltade may have an
adverse effect onl the ellectfical] pfey @ transferrdqd tolthe
el ectrical devicel 18 may be|redyckd g g ere all of| the!
el ectrical devices 18 cgnno operate\g enpl oyi ng & hi et ar chi ca
| oad sheddi ng technlque, it} may |be |po intai n sone jel ecirica
devi ces 18 and/ory el ectrli cal de\i c&8F f e 67 |
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WO 97/ 11394

PCTLLSAA/ 12128 di sconnecting or shedding aothers If sone electrical devices
and/or electrical device functions are to be shed, the | oads associ at ed
with these functions are preferably shed in reverse order of the particular
function's criticality to the underwater cable 2 and power distribution
and/ or data cMIAM4ti on system 20. 5 Hi erarchi cal TEAS¢HIRII ng
may be controlled by any suitable circuit throughout the system i ncl uding
the control processor 21, the repeaterEE%Z nd/ or the electrical devices
18. Further, the hierarchical |oad shetai thin each of these circuits
may be variously configured. For exanple, in sone enbodinents, it may be
desirable to shed one or nore | oads dependi ng on the voltage | evel of one
or nore data/power distribution lines within the 10 underwater cable 2. In
ot her enbodi nents, it may be desirable to shed one or nore | oads based on
ot her factors such as the | comuni cations to the electrical devices
18. Each el ectrical devi y considered a load individually or may
itsel.f contain one or-Nore jljoads™\FoN exanpl e, each electrical device may

i ncl ude one or nores/functi ¢pis such Qs 'nd%ﬁgtég by the controlled circuits
of Figs. 42A, 42B/ A | oad y be int®rpke .89A15 bei ng what ever

el ectrical load ifs associ wi th ong, plurality, or all of the
functions of an associ atéd el ectrical \deyice 18. Further, the control for

t he | oad sheddi [ in each electrical device based on
t he presence, f@abgsence, andMor l/evel of] a signal (e.g., a power signal

—_

and/ or data co ni cati oMS al) in, r | e, the underwater cable 2
and/ or el ectri dqal \devi ces 20 18. A |ﬁ7%e%f§g) the control and/or fault
detection for iRitNating thg | oad shédding may be co- |ocated or
distributed at a\pl xality|Bf |ocavions throughout the underwater cabl e.
For exanpl e, faul t\det i g cikcuitry (e.g., a voltage detector and/or A/D
converter) may be |0 ed i)y the individual rical devices 18 and/or in
the repeaters while con for
A
FIG. 298 \—« I
3 /-
FLUX LINES
8BBB
\ FIG. 29C
FLUX LINES




the | oad shedding may be in the electrical devices, in the repeaters,
and/lor_the caontrol 25 processor 2l Although-controlof the hierarchical
| oad sheddi ng may be controlled by a single processor (e.g., the control
processor 21), in sone of the preferred enbodi nents, the control for the
hi erarchi cal | oad sheddingi's distributed to the plurality of electrical
devi ces 18 (e.wé).y,mﬁ%gramred I nto m croprocessors 204) whi 15128

aut ononmously. This distributed control for the | oad sheddi ng function has
been found to provide enhanced reliab|t7dyz“§ A first exenplary
enbodi nent of a hierarchical |oad shed nction inplenented in the
underwat er cabl e power distribution and/or data communi cati on system 20 is
illustrated in flow chart formin Fig. 47. Referring to Fig. 47, step 250
determnes if the electrical device 18 is already in the | ow power node. |f
power. and/or data conmuni cations to the electrical devi pe at nor nal

| evel s, step 251 is entered3abn steps 2835 and 2523aghg’po r | evel and/or
68 WO 97/ 11394 321 304

PCT/ US96/ 15128 data co Aedt/ ons 9 Jodte juedes tq to determ ne
if a fault cond®@BRon exists itioh{i t ed306t ep 253
IS executed. In —C: e) is renoved
by, for exanple, pbwerin 8 [ or perforns
t he functions I at ed/ Mt # This may| be an tirg electrical
device 18 or 5 porti 38 df §'|3r yll.,t §EI or33ddBwi i(rab]an el¥t i cal device
18. The particular |oad cted LS. preferably c6Sen in a higrarchica
order, wth sonme of 308 pr SIS PI DR RER-SPepSakaie==4) acoustic
rangi ng, b) conpass, c) ' pHhecsxsgept h
reporting to report the rren epth, and € ep ontrol to maintain the
current depth. In this énbodi nent, \s$ | east inportan ritical functions :
are removed first. AlB.3l After- a load (e.g., device or function within

a device) has been renoved, in

325
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enbodi mrents where the | oad shedding control is distributed, the electrical
devi . . . .

(step 254). The electrical device may wait for a predeterm ned period of
time and/or a variable period of tinme based on stability of a received
voltage for a given period of tinme. Thereafter, the electrical device 18
then checks 1WOPB Q¥ ernine if the fault condition is stil PCHUBIEIEI28 | {he
fault condition is no longer present, the electrical device 18 sets the | ow
power node active (step 257) and returngstzaséart. However, if the fault is

still detected (step 256), the electric ce continues again at step
253 until all loads associated with a particular electrical device have
been powered down. If all |oads have been powered down and the fault is
still present (step 256), a depth 20 control electrical device or bird

preferably will maintain a substantially constant depth (possibly using
only battery power) (step 259), set the | ow power node active (step 257),
and return to the start step. OQther electrical devices 18 without a depth
control function preferably will set the | ow power node active (step 257)
and return directly to the start step. When the | ow power node is active,
in steps 260-261 the electrical &R Bes 18 33pA+aR5 preferably continue to

moni tor the underwater cable 2 to rmne if faykt3®ondition is still
active. Were a voltage |level{ts-utilized todetermnela fault condition
it is desirable to set the A¢lTagelmwerof CcrearlDg a f aylt be hi gher

than the voltage |evel for{deP®ting a fault. Thgsé4dirifer
| evel s provide a hysteresi sFriﬁkﬂ t he system does 3~ cgnti nuously
oscillate between a fault p condition. 30

If the fault condition has be& i |.gads are added in
a reverse hierarchical order (one |o per iterat\ion) un P the fault
condition is cleared. By reverssBibt@rarchi cal ordse3zzi-gs neant that | oads
are preferably restored in the reverse qéﬂgr in which they were renoved. In
many cases, this order will be with the t33ﬁmortant | oads restored first

vol t age

(e.g., in order of |oads e-a). 69
33iA-B N
Z [ /,—35
i N\ 7L 34|
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C
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342 : 329
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PCTLUSS s
t he controller malts for the other controIIers to add Ioads in step 263 In
step 264, a check is nade to determine if all |oads have been added. If al

| oads have beﬁ,& %g‘g{i the I'ow power node is set inactive (st H%Eﬂ and
&

control is re o the start step. If nore | oads r emai PG| , step
260 is again 5 initiated and the process continues as di scussed above. In
step 256, the fault condition may sinpk§¢agf§ determ nation to verify that
comuni cations with the control proces are enabl ed. I n other

enbodi nents, the fault condition may be determned if the voltage received
fromthe underwater cable 2 is below a fixed value (preferably
programmable). In still other enbodinents, the fault condition 10
detection in step 256 may be based on a plurality of predeterm ned voltage
t hreshol d values (preferably progranmable) with a gbfferent pr edet er m ned
voltage | evel associated with each Ioad identifig n step 253. For
exanpl e, on the first gheqr atf associ ated with the

acoustic ranging fantutdl-:url' Bly %Nﬁ&wthe

underwat er cabl ep fﬂ%ﬂ& OUND
volts. On the seorsm 18UFION

) ‘ A Bd with
t he conpass function nkiNEbe . i redei VEfME Phe
underwater cable is below a 1 A ge level, e.g., 9
volts. On the third iteratio aslsoci ated with the
depth setting and recording functio iff the voltage

recei ved from the_underwater{ cabMg i edet er mi ned vol t age
level, e.g., 8 8TAMNESEN ep 258 8 i f thereN ND APUCENT, | oads
left to shed forPaw mm 2 : er-Hat-ed cmwmnts t he

fault condition ﬁ%t ilved®! %‘ﬁ\'-’t"!?é'
under wat er cabl e 2 is !5 ow

a predet erBoed valEe f er'é y progranmabl e)

and rather than renoving the | oads—individually s ! scussed above, all
UNDERWATER [—>°V'2
| oads may be rerrovecLOWER‘ CABLE POWER = POWER
| TR
T o
- i FIG. 36
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simul taneously in step 253. In this enbodinment, if the voltage received
fromthe underwater 25 cable is helow a.oredetespm-red—vroltage—ratte—(e
9.5V, 9.0V, or 8.5V), then all loads are renoved in step 253

si mul t aneously. The el ectrical devices may then return to the start node
and idle waiting for conmands to be received fromthe repeartg Il?sg]@l%sv\hen
| oad sheddi ngW™o#813 gence, e.g., a CPUis located in the r gr PErs) and/ or
control processor 21. The comrands can then be utilized to selectively
enabl e one or nore |oads on a faulty cgﬁbs éﬁa segnment dependi ng on the
severity of the fault and the particul 41 lon required at that

I ndi vidual instance. In this manner, the control processor and/or repeater
may nanage a degraded node operation where individual |oads are tine

mul ti pl exed to acconmodate the faulty condition. In still other alternate
enbodi nents, once all |oads have been renoved in the single step 70 WO
97/ 11394 PCT/ US96/ 15128
253, the progran1theP—pTUCESg3—TU"3ET—ThE"fUﬂprﬂET‘ﬂUUE‘HCTTVE‘imdZSnter
the | ow power node of t X am $Yn step 2687 eackVz oad8day t hdmrbe
replaced in a hierarkhig rolde—wilth t %\c\r_l iea sofeilng
replaced first. For . |a§§ﬁ£ﬁ§ di m ifst _ @
iteration, the el ecty ' d wiVe It : —| =
recording, and contr %’me_ﬁm' < ' age £
received fromthe un pbove a fi ib andPor
programmabl e vol t age volts. On gscond i t edat|i on|, &t he

el ectrical |oads asspciate®®jth twe cpnpass fungtiqp e actifvated if
the vol tage received| from t he\unde wer gl,e 2 1i s 92bole 18y sgcorld b
predet erm ned and/ or BHe—v6] | RPATACMRK , |efr6- ltgs On thg
third iteration, the al | oadp psEBNTIRALed |W
rangi ng function nay  adnedoe | nq&{ l&ge'ranﬁt
underwat er cable is

ustig
—
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above a third predeterm ned and/ or programrabl e voltage level, e.g., 9.5
volts. Qther alterpate nondes nmay algso.be luplenegnted-t-o—enable—hi-erarcht<al
| oad sheddi ng. Control for these nbdes nmay be entirely within the

el ectrical devices, repeaters, and/or control processor. Alternatively,
control for the hierarchical | oad shedding nmay be distributed 15 g ween
one or nore ofW@KKIMMpeaters, electrical devices and/or conftFEPSYf @ ssor.
For exanple, one of the preferred enbodi nents of hierarchical |oad shedding
is illustrated by the state diagrans igm,Fi 48 and 49. Fig. 48
illustrates the hierarchical |oad shed 'héqgglociated W th devices, such as
a dedi cated depth-control device, or bird, a dedicated conpass/ headi ng
device, or a dedicated acoustic device, each of which may have multiple
functions to be shed 20 hierarchically. Referring to Fig. 48, fromreset
state 270, the electrical device may enter an idle state 271. In the idle
state 271, communicationg with the device are enabled. If the voltage
detected by the el ectdicdl—device Ml or exanple, the A/D converter 214
in Fig. 42A, 42B is lessjthan V[err], tor ekanple 7 volts, and the battery
is dead, the electri¢al—dew ce enfer g2

a cl ean shut down bngo¥nhg processeqd orp powering off to a dead state.
Fromthe dead stateNifl 8hetsqltag bpl i ed by the \ain power |ine
and detected by the &l dc@rifcal| devic ds V[ err%, th i in
enters the idle stat¢ LN drr] is Ebly abodt_Q.S vplts for]an
acoustic devi ce, 329yt {0 voljts for ss/ headi ng |de Ice, agd §.5
volts for a dept ot r & devilce, qor & n the i}pe st at @ as

conmmuni cations 3 b¢t wednt hg. el &ct rtd eVifCeE arg The ,ogr%ngr cessor
21 are preferably engblled [Frdi t e At 27ﬁg§f the &eJic@ receives
a command signal ( @% de¥i ce mai ns- pawerf activejstate
273 if Vpwr is gre t Banl or equal 'r]]. The devi ce2bmy entef a
battery-powered agt statle 274 if nd}i s recei ved agp VpBie ils | ess
than Verr]. A conmma sifgnal may origilnatejf on1§g§i; I ,rgpess§ﬁ 1 or
fromthe 71 _h ¢ - _°
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active state 273 or the battery-powered active state 274, and the device
receives a CVMD signal, the device may reenter the idle state 271. In

mai ns- powered_active state 273, if the electrical device d Vpwr
S Iesg t han grosm%s r], the device nay enter battery- pomefﬁé:g‘ﬁ%séﬂg\}/gst stgte
274. The hysteresis between V[err] and V[err] prevents the device from
oscillating between battery-powered a022/23 mai ns- power ed active states.
In battery-powered active state 274, t I ri cal device may continuously
noni tor battery voltage level. |If the battery voltage falls bel ow a
predeterm ned | evel, for exanple, 10 about 7 volts, the device enters
shut down node 272 before entering the dead state. As indicated above, the
control processor 21 or _the repeaters may instructY§INNEN ce to enter the

idle state 271 by j|sending a commnd signal y | f a device performs
mul tiple functiong, }la device may shed ong pr, rons.| For
exanpl e, as shown|i h FBy. 4¥iv@ads can bg hi .
The hi erarchical Qqrder eddi{np |nay cpntroll eq by it he
differing voltage|l ¢vel et rfon eadh el 4»& Tl /dev|jce for gnteringl pn
off/idl e state and/ ¢r fpr| wEnThg {to ar le/agtive state Ydxapbl e,
when t he power dufpfiedtp The ergec rl ekanpl e,
9.5 volts, the gcqustic f[mct n ad 1p
enter or remain,irn fhepff a or dev| te may
reactivate at 9.5 |vol ts?—.— I b Stif
device may be the |first egvice. flor
exanple, 9.5 volitg. |1 f®th ijlcep|18 is
bel ow, for exanpl 9, L9 vol {5 nMay| be in
an off or idle dtgte. &5im llect fi cal
devices 18 is bdll dw, f)ar
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the bird may enter t he battery back up state and the acoustrc devi ce and

t he preferred enbodrnents |IIustrated in Frgs 47- 49 mhen the voItage S
below 7 volts all of the electrical devices enter an idle state where only
connunicationgwﬁk% 3%Qe dry-'end el ectronics 5 is maintained with other

| oads in the e H devices 18 turned off. If the vol t a§ETVS%6&5138
below 7 volts, all of the electrical devices enter 30 the Of state. From
the Of state, in the illustrated enbogﬁgeg the | evel ing devices or
birds re-enter the idle state when the ri ses above 8.5 volts, the
conpass devices re-enter the idle state when the voltage rises above 9
volts, and the acoustic devices re-enter the idle state when the voltage
rises above 9.5 volts. In this nanner, the electrical devices in the

Il lustrated enbodi nents na e thensel ves autononously responsive
to programmabl e voltage 72 7/ 11394

PCT/ US96/ 15128 | evel g leyed t h riticality of each electrical device
function. One featur eﬁ t he :Sénts of the electrical devices 18 shown
in Fig. 49 is that t gxﬂe&tr dgyrces performthe hierarchical |oad
sheddi ng aut ononousl| 2g&-or lex , &ach of the | oad shgddi ng prograns and
state diagrans indicatjed by Firgs=47-49 nay be perfor by 5 pare

m cropr ocessor 204 mﬁthoub-co nijgatli on with ot her units and/er the
control processor ﬁﬂeger Ei richi cal | oad sheaﬁmg is intefled to
broadl y cover conﬁ?gtﬂial ﬂJpe | oad on the p2&& line in ¥he

underwat er cabl e i i = pedi fied order in rdsponse to one or nore
fault conditions asNdgcusgedt in.| 10 Gantrgl of the
communi cati ons node 5;5 ke d@lateqlin tﬁe I ndi vi eftectri cal
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devices. For exanple, in Fig. 49, if there is a power failure in the
underwat er cable or_a shutdown of external power to the devices—Vpwr—in
Figs. 42A, 42B goes to zero. The devices enter state 280 and enabl e backup
comuni cati ons node, as di scussed above. \Wen power is restored, the
devices enter primary comuni cations node, indicated by state 281. 15

In alternate WeGHIPENts, the repeaters may include a CPU, Rﬁﬂqgﬁﬂ?g%nsors
and other control circuits configured to enable the control processor 21
and/ or repeater to switch additional éhifﬂgeio the affected data/ power
distribution lines in the event of a f r exanple, each repeater may
i ncl ude a redundant driver circuit which can optionally be swtched into
operation by the control processor 21 and/or by the individual repeaters in
20 response to a fault on a particular distribution line. In this manner,
i nstead of selectively reducing the |oad al ong 3, articular cable segnent,
power may be selectively increased to co ensate‘iqr the fault. A

remarkabl e result of combining various a8flec s of _epbodi neﬁgqfofdw,p

present invention is that p r be reI to the wet
units 30 with an overal® QYE Zg%f’ NEWR ffl ¢&;%2é§ ‘@Q{%%or
more. This re 3 ra}\

t he under wat er 3

oper ational po
appl i cations.
reliability of \{ he under
system 20. Addi t6e¥al |

el ectrical devices 18 :
Wil e the present inventq
sei sm c streanmer cabl e] .
ot her instrunented r i
whet her for geophygdcal,
bottom ref erenced cabl¢s

pt\|uni t $ |t o |REGULATORSled ent i voriTaGEf rflom
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PCT/ US96/ 15128 cable nny he : : :

angl e between horizontal and vertical. Wile several exenplary power

di stribution and comruni cati on systens and el enents enbodyi ng the present

i nventions have been shown, it wll be understood, of course giﬁgﬁl%pe

i nventions ar YA nited to these enbodi ments. Nodificat i oM v made
by those skilled 5 in the art, particularly in light of the foregoing
teachings. For exanple, in sone enbo&éggz%ia it may be desirable to

di stribute power to the electrical dew on both the inbound and

out bound data distribution lines. In this manner, the total anmount of power
distributed on any one |ine may be reduced. Further, elenents fromthe

vari ous enbodi ments may be conbined with and/or substituted for
correspondi ng el enents of another enbodinment. 10 Additionally, alternate
enbodi nents of the inventions may include nore or | ess conponents than
those in the illustrated di ments. Eor—exanple, each of the enbodi nents
shown may utilize onggpr lmore of the fleatyx circuits, and/or functions
of the other enbodi nen It s, theref mazaprwEended t hat the appended
clains cover any such no tions inl affR&BHbihati on which incorporate
the features of this i pa he ppirit and scope of the 15
invention. It should3e the inve
possi bl e conbi nati ons and
For exanple, each of the
more of the features__conpon RIVE O FroM #4924

enbodi nents. Further|{ the specif i ded int to
facilitate 20 under;F@ﬂﬁﬁﬁﬁ%&# he inventionl However, ny &8 s of the

Nt i on enconpasses al
el enents herein descri bed.

gﬁﬁﬁ%hﬁ hnay utilize one or

invention span nore {hamgRegref fhe Partd I exaggreeyntfhe repeajers in an
underwat er cabl e may“retpee—st=tict ur es di stri bl power | synchroni ze
data, and respond to faul &Tﬁala resud - e ppear¢i n| Part | :
Power Distribution/ Conmun mﬁ-ﬁ or? St ruct r “l,\%UTATmrchr onilzati on of
FM OR PM o\ 2
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Inbound/Cutbound data and Part VI Faul t Tolerant Structures. O her

aspects of the |nvent|on nay be |nterrelated and are not linited to one or
nore of the Parts of the specification. 74 WO 97/ 11394

PCT/ US96/ 15128 What is claimed is: 1. An underwater power distribution
system for povEPPHYY plurality of devices conprising: an uRGEURSASR8cap) e,
t he devi ces bei ng di sposed al ong the underwater cable; 5 a
mai n power |ine extending through the :ﬂ%;; er cable; a plurality of

power distribution lines; a plurality di stributors, each being
electrically coupled between the main power |ine and one of the power
distribution lines to transfer power fromthe rmain power line to the power
distribution line; and 10 a plurality of power couplers

di sposed at selected | ocations along the underwater cable, each power
distribution line being coupled to one or nore power couplers and each
power coupl er being di sposed proxi mate one of the devices for coupling
power to the proxi mate device. 2. An underwater power distribution system
for powering a plurality of devices 15 conprising: an underwater cable

including a plurality or_c.abl.e..s.e.gmen.ts,_a.t_ Jdeast one qf _the devices being
di sposed al ong each cablie segnent, apd—a—plurality of streaner el ectrdnics
nodul es alternately arr%nged with the cable s and %ﬁaced from tlhe
devi ces; | %j }
1 |
| I e |
} ~ 225 :
INBOUND | ZE
DATA | - ] l
i Tout | 1 '
l 22 ] [ 1
| [\ —220 |
’ Vg |
|
/ ! 218 ' |
231 /l i . DRV- = i
| 228 |
16,32 : 230 229
| ? '
| I
I
' t
! f
| 219 |
| = 227 |
I J\ A I
} FM ,PM,OR MANCHESTER COMMUTATION |
I DATA (DATOUT) DRIVE (CDRV) {
{ |
, BOUND DATA I
RIVE CIRCUIT !

“‘-““‘““‘““‘““—““\\ _____

FIG.43

SUBSTITUTE SHEET (RULE 26)



a main pomer l'ine extendlng through the undermater cabl e; 20 - a
ol : : . . L
extendlng through each cabl e segnent and each streaner eIectronlcs modul e
including a circuit for coupling electric power fromthe main pomer line to
an -adj acent poyer _distribution line; and a plurality of power co ers

di sposed at se 23 ocat i ons al ong the underwater 25 cab[F&TUS omer
distribution line being coupled to one or nore power couplers and each
power coupl er being di sposed prOX|naL§2?gazﬂb t he devices for coupling
power to the proximate device r distributing power
underwat er conprising: transmtting power at a first frequency on a main
power line of an underwater 30 cable; converting the power on the main
power line to a second frequency, higher than 75 the first frequency;
and distributing the power at the second frequency on a plurality of power
distribution lines to a plurality of devices selectively disposed al ong the
underwat er cable. 4. The nethod of claim3 wherein the first frequency is a
DC frequency of zero. 5. An underMﬁﬁfr power distribution system for

powering a plurality of devi i S|t rwat er, bl e, the
devi ces being d|spose@“&PGthfﬁetﬁﬁHEFw te chIe; a nai# pdwen |ine
extendi ng through the underwater cable and arranged to transmt a main
power signal at a firstg dgeduEncyl End -1_1

)

3
N
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a plurality of conversion circuits disposed at spaced | ocations along the
un .
the plurality of devices, each conversion circuit being arranged to convert
the main power signal into a power distribution signal at a second
frequency higher than the first frequency. 6. The underwater cable of claim
5 wherein, eXCA"HAMersion circuit is arranged to convert PERESHASRSponer
signal into a DC signal and then to convert the DC signal into the power
ditribution signal. 7. An underwater szzgﬁgbgsr transferring power
conprising: a plurality of wet units, ing a first inductor for

recei ving power; an underwater cable having the plurality of wet unit

sel ectively spaced therealong and including a plurality of second inductors
respectively di sposed adjacent to the first inductors in the wet units; a
plurality of hydrophones di sposed al ong the underwater cable and having one
or nore first operating freguency bands; and a plurality of power
conversion circuits respectively [coupl ed to one or re pf the second

i nductors to output a signél h a second operatmﬁﬁ f fequency band to
the wet units, wherein thg|figdt ®gerfating frequenc;ﬁ@ag s and the second
operating frequency band ot rlifap. 8. The und@ana r systemzof claim
7 including a plurdity o gl stiri bution |ines €% di ng aloﬁb t he
under wat er cabl e, dach powmer=d t& bdtion line bei nP2 bet wgn one
of the power conversion cid cui @nd [associ ated one or : Secontgg
i nductors and bei arranggd tg=+angmt power to the d |i ndu@gprs,
wherein the power stribwti | ifh i ncl ude | unpe ai 4t rli but
paranet ers and wheg£in th® Eynred] d dkstributed paramegeds
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of each power di stributi on i ne form a distri but ed bandpass f| I ter centered

power under wat er conpr|5|ng haV|ng a pIurallty of hydrophones in an
underwat er cabl e which operate at one or nore first frequency bands; and
transferring ower inductively froman underwater cable to_a Iural ity of
wet units usi ¥ d¥ond frequency band whi ch does not over P ¥asiEhe  or
nore first frequency bands. 10. An underwater power distribution systemfor
a plurality of devices conprising: anéggﬂ; er cabl e having an outer
sheath and being filled with a | ossy df Ic material having a

di ssipation factor of about 0.01 or greater, the devices being disposed

al ong the underwater cable; a main power |ine extending through the
underwat er cable; and a plurality of insulated twi sted pair transm ssion

W res extending thrW{Pe under wat e nd coupl ed between the main
power |line and the de each tw ske@™™Hir)transm ssion wire having an
o]

outer sheath and a dissipation factor o5 than about 0 01 vwho
surrounded by the | dssy dielectri [ 11. An under wat er doupl i ng
system conpri §INg. _an _under wat er and second |ines exteénding
t hrough the u | e; ers di sposed |at
sel ect ed | ocat he lijng a
first coil connecyed +-he—f4 HNE H,.rdﬁl%ghr&m | s} cjonnect ed
to the second P8%e, V\/ner@PN”ﬁ PWF%t and secoh g;aw LINE2Leveipaged| flr om each
ot her DATA LmE (e.g. A VOLTAGE LEVEL )
LEVEL FOR A FAULT CONDITION
{e.g. SEA WATER
260 Y NTRUSION)
261 -/
25!
ADDED WITHOUT 252 FAULT
CAUSING A FAULT CONDITION "\, NO
CONDITION DETECTED
22 ? S e
POWER
\ YES ACTIVE
ADD LOAD IN
HEIRA&!&-IICLgk O(RDER 253 }
REMOVE LOADIN A
PRESENT IN DEVICE) \ HEIRARCHICAL ORDER| 257
PER (TERATION e.0. ONE LOAD( IF
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b) COMPASS a) ACOUSTIC RANGING
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and the first and third coil are in close proximty for controlling
cross-talk—between-the—first—and-sec0hd—coitse—i2~—An undervater coupling
system conpri sing: an underwater cable; first and second |ines, extending
t hrough the underwater cable; and a plurality of couplers di sposed at

sel ected | ocations al ong the underwater cable, each coupler including an
integral cor ¥AH1MY first and second portions and first BEFUEEHEE coil s
respectively wound around the first and second portions of the integral
core, the first and second |ines bsqgnmpectively connected to the first
and second coils. 13. An underwate d’ i cation system for comunicating
with a plurality of devices conprising: an underwater cable, the devices
bei ng di sposed along the cable; a plurality of data distribution |ines
extendi ng through portions of the underwater cable, each data distribution
| i ne being coupled to one or nore devices and being tuned to resonate at a
first frequency with_a predeterm ned bandwilgtE:CM® plurality of repeater

circuits coupled b t ween adj acenferlatGus ShAil Qp,l ines tg foppya data
conmuni cati on chanpel ; and - ciffcuit
respectively associfated wth the data distribution |i Nt ai n each
data distri ‘ion i ne ned to aboupréhe fi ¥ et encyg1 ih the
predet er m ne ndwi d i METINESEMM®e to A fai lWHﬁ afal\ AC An
underwat er dat g conmum\ca™ R j- catin ' plurality of
el ectrical de [ CEBLECP) | 4 %%mp POWER MAIN POWER

_ ACTIVE <V

RESET Vii ACOUSTIC =9.5V

- Vi COMPASS = 9.0V

- DEAD 272 Vi BIRD s 8.5V
4
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a primr N&@@@M&M Seo 2% t -,4 a Tackup daREPGAGEMENE SHERAS  SG
circuiti]cjrcuitry coupliedqtothe primary data ggmnp,tmm opegedi.L. caliphgednd.
t he backpp| dgta JONPYgI datfli ons circuit to switg hink(e)n t:hgagad TTrws pagla®l

¢ eaponse] ¢ b OSSO pand: tlﬂﬂllﬂﬁlﬂﬂlllﬂﬂﬂlﬁlﬂfmlg'gglgﬁ R g% _____
Vi'hig

power di strlbutlon systeml|f or” b Swetinl & plturality of deV|c , eac

one or nor ¢he f:eqwmmnél ng: an undervvater Cﬂb'ﬁAﬁﬁVbﬁq;g{F nl ural ity of

PT, broseed
devi ces sel ectively gQ t her ngé aflrﬁ‘i Rre—ece At mrstateehe

under wat er cabl e an g °coup t 8 e SO afﬁm OR) o4, RiFality; of Rower

detecti on disteibidon/lineoupk pliirdlity bf\deviced SelectiveledikyosatLilond thah@lervated Uible. S
present: and disabling circuitry coupled to the fault detection circuitry
to disable one or nore loads in a hierarchical order in response to a

fault. 16. An U@"Wad%%@'ﬁﬁéﬁaﬂ &#Sé&? g\@ﬁ ! gg urality
of devices, each having one or nore ogﬁ conpri |Jngbdo n r?lé?gt#‘ cabl e
having the plurality of devices selectlvely spaced thereal ong; a pomer l'ine

g;(t 323: ‘r:lgst hr oug?rtgﬁt Fﬁﬁﬁ%@{’%&?\c/@?‘“ﬁ?and bei ngﬁcou Iedt%g,the 1;Jr al,i ty

out put a posgdiiprisignal having not ‘nore than a predetermned current Ie_veI on
the power line; fault detection circuitry coupled to the power |ine and

i ncl udi ng a vol t age ARPRASTVII Gblee theideyigts bemg disprsed domg he maderatericable: pover
l'ine, whereby a faulj HBY gotet Tk Gteffing through the underwarer cable and arranged to

transmit a2 main power signal at a first frequency; and

)

Y
' a plurality of conversion circuits disposed at spaced locatonms along the
underwater cable and respectively coupled betwesn the main power line and thc) plurality of
devices, each conversion circuit being arranged o convert the main power signal into a power
distribution signal at a second frequency higher than the first frequency.

6. The underwater cable of claim 5 wherein  each conversion circuit is arranged w©
convert the main power signal info a DC signal and then to convert the DC signal into the
power distribution signal.

7. An underwater system for transferring power comprising:

| aphnaﬁtyofwetunis,mhbavingaﬁrstinductorformef;ingpower;
N '

an underwater cable having the plurality of wet units selectively spaced
therealong and including a plurality of second inductors respectively dxsposed ad;acent to the
first inductors in the wet units; .

aphuahtyofhydraphomd!sposedalongthetmderwwablemdhavmgone
or more first operating frequency bands; and

a plurality of power conversion circuits respectively coupled to one or more of
thesecondinducmrstoouqmasigmlhavingasecondoperadngﬁ'equencybandtothewet

units, whermnmeﬁrstopemmg&equencybandsandmesecondoperanng&equcncybanddo
not overiap.

8. The underwater system of claim 7 including a plurality of power distribution lines
mdingdmgmemderwmable,nchpmdistibuﬁmmebemgcoupbdbemanom

.



e 2 e 10 e o I

el ectrical signals along an underwater cable having a"pl'urdl ity of devices

spaced. b gie® BbAE0 cortRfsibrIBIrAR 42V i6HAe ol 28 mdﬁez&ﬁtiﬂag aul t

wat er transm ssion system renoving |oads along the un ter

in the un
cabl e i arrangedetoaransmitpowerdte thenseconsh amluesonso whiesist shel powem dispribmsion rlgm he

a1 ong. o8 e i ] S erk St e b B P PRI P

line i nofigadhgoweredistibanidi tind) fortr§ disustuid-Sanipase filteettded bt abie Qéﬂd:ﬂhed

t hereto, each device inc]uding one or nore electrical |oads; detecting a
faul t; @perateg &equepeY Pandenpving one or nore of the electrical |oads from

t he underwat-er cabl e according to a.predeterm ned hierarchy in response to

the fault.- 19. An underwater electrical device for an underwater cable
conpri sing: % Aomethod ofi ransfereingipower unietwadradmprising: t he underwat er cabl e;

| oad circuit .disposed in the si, n an, i nductor ci it, coupled to the
load circuit to thYP&% ‘“ﬁ‘ll’g%\ﬁgi %ﬁ"gﬁ%‘ o@ﬁ‘%a Rich OpETaE ¥Pmehe
| oad ci %%mﬁrgp&@gm ind' oadi ng the power signal; and a control
circuit ccoupled to at ‘I east’ one of the inductor circuit and the |oad
circuit to reducetrsisterting giower imductivetio from anoundepamer cable, ol a.(yhn'nlw qfowetr

signal falling bel ow redet er nj ned. val ue. 20 underwater el ctrlcal
devi oo 1O HgHERH EPHEDDY BeghVERS (e 0 Eetiam| B, 0, 2, 't he

under watygpgel ectrical device conprising:
\/ ’
10. An underwater powef distribution system for a pluraﬁiy of devices comprising:

an underwater cable having an outer sheath and being filled with a lossy
dielecric material having a dissipation factor of about 0.01 or greater, the devices being
disposed along the underwater cable;

a main power line extending through the underwater cable; and

a plurality of insulated twisted pair transmission wires extending through the
underwater cable and coupied between the main power line and the devices, each twisted pair
‘ransmission wire having an outer sheath and a dissipation factor of less than about 0.01, when
surrounded by the lossy dielecwic material.

a



a housing arranged to be attached al ong t he underwater cable; at Ieasie-»-eme-"--"
el ectrical |oad disposed in the housi ﬁg and a: cﬂm“ﬂul\ml‘augl”&sposed I n
the housing and including circuitry for nonitori the line,
the control circuit being coupled to the electrical §odd 0 feduce the

load in response to the voltage falling bel ow a predetermined value. 21.

An under wat er1el emumdambardecmpﬁng syseeancompisingat er cabl e conprising: a
controller circuit arr nged tq be coupled to and receive power fromthe
underwat er cabl e, ® circuit including fault detection

circuitry to detec ﬁgwmﬁgg@aﬂﬂ?w W%ﬂ fduce the
anount of power recelve romthe underwatel cable in a erar chi cal order

responsive to thehfaaphhlahtyzxifcowplmrﬂ?medtaeselmdrmomalmg the sndermater cable,l
ﬁgmgl tC{F]I @g a lB!ura gi% evi ceé cg}rerpﬁﬁsgﬁg qx’gn ungeﬁt er ca& e

di stri but W% %ﬁdseean@uﬁéﬂomrsiat@e flist ahd Q&Bhd)Boﬂs' € sBacke o Gadthb@egh

t he underwat er cabl e and coupl ed to one or nore of the devices; at |east
one repeasndt thei finstiand thirdeeileareiin d%pmmm&f@mmm hetwren thepfanst er
circuit |ggﬂudes syachroni zation circuitry coupled to the inbound and

out bound BF%f ution lines to derive clock data fromthe out bound
data and to transmt the i nbound data in accordance with the derived cl ock
data, whereby a t| rel atlonshl p exi sts between inbound and out bound
data. 23. A ndhodn PERAng #YSTr CEMDFYRE wat er conpri si ng:

transmtting out bo%dmﬁg;%rgbknbound data through a repeater circuit in
an underwat er cabl e;

. first and second lines, extending through the underwater cable; and
a plurality of couplers disposed at selected locations along the underwarer cable,
each coupler inciuding an integral core having first and second portions and first and second
P coils respectively wound around the first and second portions of the integral core, the first and
second lines being respectively connected o the first and second coils.

13. An underwater commmmication system for communicating with a phrality of
devices comprising:

an underwater cabie, the devices being disposed along the cable;

a plurality of dara distribution lines exmending through portions of the underwarer
cabie, each data distribution line being coupied 0 ome or more devices and being tmuned t©
resonate at a first frequency with a predetermined bandwidth;

a plurality of repeater circuits coupled between adjacent dana distribution lines to
form a data communication channei; and

ap!mhtyofloadadjusnngcmsmpecnvelyassommdwnhmedm
distribution lines to mainmin each dar distribution line mned to about the first frequency with
mepredemrminedbandwidthinresponsemafaihmmoge.
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decodi ng out bound data in the repéater circuit to recover clock dat a;" and

transmitting inbound data fromthe repeater ci mmmnm[n sm w th ... ..
the clock data. 24. An underwater el ectrical ennmnmll wat er cabl e
conprising: .a housing arranged to be ét ached along t he Bnddrwater cable;
an input circuit disposed in the housi‘ng and arranged to input data from
the underwater cable, the input circuit including synchronization to derive
atimng sighal-fromthe data; and an output circuit coupled to the input
circuit and rranged to output data to the underwater cable in synchronl sm
with the tinfnhgARKgdewaer dagcommupicaions YFeBJIAnEoMEHRIEFRG Wit & plurality of

conpri si.n ) WUM data al ong an underwater cable; decoding the
out bounm% ‘data cl ock: and transmtting i nbound data al ong
t he underwater c dapbedmmammicaitions eikcuithe data cl ock. 26. An under wat er

el ectrical device for an underwat er cabl e conprising: an inductor; and a
drive circuit cowpbm SERPRNFAEGHS SRBont rol a current flowi ng t hrough

t he i nductor resp D‘,? % @%tm:ﬁm%ﬁy gg:mé drlve
circuit includi ngma! icﬁ ac %egr coupl'ed”to the 1 nductor E ]#dfma resonant

circuit cb@mmﬁ:aﬁoﬂseamm&nb mmho%m&naheqimhey issncohirhnicdiond eirtait atd e and

the bit .tipe. 27. An underwater electrical VI c for an unﬂergf r. cabl e
conpri sPRGKUBN JaRSRRBRIICIHOgS c.rcmtmresponsetoa of power w© te

15. An underwater power diswribution system for powering a plurality of devices, each
having one or more loads, comprising:
an underwater cable having the plurality of devices selectively spaced ther=along;

a first line extending through the underwarer cable and being coupled to the
plurality of devices;

fanit detecton circuitry coupled w the first line o dewect when a fault is present;
and .

disabling circuitry coupled o the fauit detection circuirry to disabie one or more
loads in a hierarchical order in response to a fanit.

16. An underwater power distribution system for powering a piurality of devices, each
having one or more loads, comprising:
] an underwater cabie having the plurality of devices selectively spaced thersalong;

a power line extending through the underwater cable and being coupled to the
plurality of devices;

a current limited driver circuit coupled to the power line o output a power
signal having not more than a predetermined current level on the power line;

fault derection circuitry coupled to the power line and including a voltage
detection circuit for detecting the voitage on the power line, whereby a fauit may be indicated

v-’.‘.......-ww.-....nn
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a drive circuit incl ud| ng a pI urality of driving transistors, a t FAnsf or mer

coupled in par uctor 8end a capacth REPEARCP lﬁNT‘ HEE(]‘&I | el

with the transf The %Under wat er N pystem
as claimed in c @aresn each of the plurality]of power distripufors

transfers power to the power distribution |ine by ntaps 22 JUNHBRR,
di st.ri buti on signal having a frequency of about 64kiz{ 29, An_undpr pvat er-
power di stri bution systemas clainmed in claim1l1, 2, for 28 further

conpri si ' i em for conmuni cat ' -t al ity
of devic over e%po J?t?gllkgt%rgﬂc%u i'on |ines. 30. A met hod for

di stributing power underwater as claimed in claim3 or claim4 wherein the
second frequgncy is aboyt E%i 31 An undervvater power distribution
system as cl g'qmed A ﬁ? RlSTE, AR S HRASTVIIRT, (FanSmisgion ; Sygem
carrier Lonal s for deriving the power distribution signal. 32. An
under wat €r poweP” di stribution systemas clainmed in claim31 further

conprising a pl ur akausfertitg ohcmilﬂnsjgmlsrﬁaigmmm cable/ having lacplutaticyt b

plurallty of conversion circuits wherein the enc ng circuits nodul ate the
carrier %M"Pﬁﬁ&i? Eﬂ?‘g ﬁ? % der wat er power

distri but i on syst efguling 1dEH he @Y encodl ng circuits
modul ate the carrier clock signals with data signals using binary phase
shift keying (Bpsmmlmrﬁqmmm:mmm Ordes\is respenss ©
cl ai ned &g % ‘ﬂ‘i 31, 32, or 33 wherein the second frequency is about
64kHz. 3 derwat er power distribution systemas clainmed in claimb5,

31, 32, 33, or 34 Www,on circuits include one or nore
trapsforners to increase the voltage on the power

o

18. A method for power distribution and communicaton along an underwater cable
comprising: .
transferring power and dam along a line in an underwater cable having a
plurality of spaced devices coupled thereto, each device including one or more electncal loads;
detecting a famit; and
selectively removing one o mare of the elecical loads from the underwatee cable
. according to a predetermined hierarchy in response to the fanit.

19. An underwater electrical device for an underwater cable comprising:

a housing arranged to be attached along the underwater cable;

a load circuit disposed in the housing;

an inductor circuit coupled to the load circuit to transfer a power signal from the
underwater cable to the load circuit, the load circuit loading the power signal; and

a control circuit coupled to at least one of the inductor circuit and the load
circuit to reduce the loading in response to a power level of the power signal failing below a
predemermined value.

0. An underwater electical device for an underwater cable which inciudes a line
having a voitage, the underwater electrical device comprising: ,
a housing arranged to be attached along the underwarer cable;
at least one electrical load disposed in the housing; and '

a control circuit disposed in the housing and inciuding circuitry for monitoring

the voitage on the line, the confrol circuit being couplied t© the elecrrical load w reduce the



di stribution Tines. An underwat er systemfor tif v m;,,.‘_as
cl ai med | the first operating freque REELEQEM‘Q% et bger
mul tipl es ﬂH@HM"ﬂﬂﬂmmbom guardb gds and the se¢omd operating
frequency center frequency®f 64kHz. 37. 2PN 1199
transferrl ng power as clainmed in claim9 wherein the{s¢cond frequency band
has a center frequency of about 64kHz. 38. An undefiwat er couplTng system
as claimed in claim1l wherein the first and second cails. _are wound. |
opposi tely.. 39. An underwat er, coupling systemas clained in claim1ll or

38 wher 1998 18 fespoRs 19| e voltage falling beloy jagwedeermined valdor e and a second core
and wherein the first and third coils are wound around the first core and
wherein the second coil is wound around the second core. 84. 40. An
under wat er emuphhmdsyamemhmmla!vmdoﬁmwmmmh coupl er

i ncl udes a pl uraI| t.e ral cores an 'Fg Ci rcurnc erentially around
t he coupl er. m% 3’5 %‘8 c&%‘rﬁh&

her o
erei n&&&ﬁ&%ﬁoﬁe%ﬁﬁoﬂﬁ%ﬁw %ﬁwsecon#dm l's

underwat er coupling systemas clained in claim40 wher ein
of each xmmmmmmm uoung of porasr receivied Jroak thecunderwhntrocable in

comruni cgtlong s;s Em as ‘?ge:ge claim 14 wherein the primary data
comuni urallty of repeaters serially coupled
in the primary data comunications circuit and wherein the circuitry

coupled to the pri data comuni cations circuit and the backup data
comuni cat i oR3- cAﬂc\Lﬂ%ﬂﬂm Gmﬂtmf%yMem % plurality of

response&wm power .

an underwater cable having the devices selectively spaced therealong

an inbound data distwibution line and an outbound dara distribution line extending
through the underwater cabie and coupled t© one or more of the devices;

at least one repeater circuit disposed in the underwater cable wherein the
repeater circuit inciudes synchromization circuitry coupled to the inbound and outbound dama
distribution lines to derive clock dam from the outbound dara and to ransmir the inbound dana
in accordance with the derived clock dam, whereby a dming relationship exists between
inbound and outbound dara. '

23. A method of communicaring dat underwater comprising:
o msmmngouthounddamandmbmmddataﬂ:mugharepmrmtman
mderwanercable
decodmgmeautbounddaninmempmrcimﬁtmrecoverclockdm:and
transmitting inbound dara from the repeater circuit in synciironism with the clock

24. An underwater elecrrical device for an underwater cable comprising:
a housing arranged to be attached along the underwater cable;

_ an input circuit disposed in the housing and arranged w input data from the
underwarer cable, the input circuit inciuding synchronization circuitry w derive a timing signal
from the dam; and

anoutpmchuﬁtcowledmmeinp\ncirmitandmgedm-ompmdmmme
underwater cable in synchronism with the timing signal,



44, An underwat er data communi cations system as i
further conprising a power distribution system coupl

comuni cat i An underwat er data cdnmuni cati ons syg$tém as
clained in lmmlmlumm the circuitry coupled tjo It hg 200i)Nagg9 dat &

communi cationscci ecust sand the backup gdata communi

atfions circuit

a switch for decoupling the power distfibution systjemfrom elrectrt

er_data |
or 45 wherein

devices in response to a | oss of power. 46. An u
comuni cations systemas clainmed in claim14, 43, 44,

~electrical devices communicate data at a first rate over .the prinmary data
communi cations data circuit and at a second |ower rate over the backup data

conmuni cat i oFes. " fedtbd of Sommunititing kMRS | .di stribution system as
claimed in claim19 wherein the fault detection circuitry and the disabling

circuitry are i ncFesgmg qutoned dawm alongian usdergant cable:
decoding the outbound dama to recover a daa clock; and

.cansmitﬁnginbounddmalongmeﬁndawmcablemsynchmnismwimme

data clock.

26. Anunderwamrelecticaldeviceforanunderwmrcablecompﬁsing:

an inductor; and

p% a drive circuit coupied to the inductor to conrol a current flowing through the
inductor responsive to an inbound dam bit having a bit tme, the drive circuit inciuding a
capacitor coupled to the inductor to form a resonant circuit baving a resonant period of about

between 1/16 of the bit tme and the bit dme.

27. An underwater electrical devics for an underwater cable comprising:

an inductor; and

a drive circuit including a plurality of dnvmg wansistors, a wansformer coupled

.mparanelwxmmemduc:or and a capacitor coupled in parailel with the wansformer.
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28.  The underwater power distribution system as claimed in claim 1 wherein each of the
plurality of power distributors transfers power to the power distribution line by mecans of a power
distribution signal having a frequency of about §4kHz.

29.  Anunderwater power distribution system as claimed in claim 1, 2, or 28 further

comprising 2 data communication system for communicating with the plurality of devices over
the power distribution lines. '

30. A method for distributing power underwater as claimed in claim 3 or claim 4 wherein the
second frequency is about 64kHz.

31.  Anunderwater power distribution system as claimed in claim 5 wherein the conversion
circuits receive carrier clock signals for deriving the power distribution signal.

32.  Anunderwater power distribution system as claimed in claim 31 further comprising a
plurality of encoding circuits respcctively coupled to the plurality of conversion circuits wherein
the encoding circuits modulate the carricr clock signals with data signals.

33.  An underwater power distribution system as claimed in claim 32 wherein thc encoding

circuits modulate the carrier clock signals with data signals using binary phase shift keying
(BPSK).

34.  An underwater power distribution system as claimed in claim 5, 31, 32, or 33 wherein the
second frequency is about 64kHz.

35. An underwater power distribution system as claimed in claim 5,31, 32, 33, or 34 wherein

the conversion circuits include one or more transformers to increase the voltage on the power
distribution lines.

36 An underwater system for transferring power as claimed in claim 7 wherein the first
operating frequency bands are integer multiples of 128kHz with 500Hz guardbands and the
second operating frequency band has a center frequency of 64kHz.

37. A method of transferring power as claimed in claim 9 wherein the second frequency band
has a center frequency of about 64kHz.

38.  Anunderwater coupling system as claimed in claim 11 wherein the first and second coils
are wound oppositely.

39.  Anunderwater coupling system as claimed in claim 11 or 38 wherein each coupler
further comprises a first core and a second core and wherein the first and third coils are wound
around the first core and wherein the second coil is wound around the second core.
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40.  Anunderwater coupling system as claimed in claim 12 wherein each coupler includes a
plurality of intcgral cores arranged civcumferentially around the coupler.

41.  Anunderwater coupling system as claimed in claim 40 wherein the first coils of each
coupler are connected in paralléel.

42.  Anunderwater coupling system as claimed in claim 40 wherein the second coils of each
coupler are connected in series.

43.  Anunderwater data communications system as claimed in claim 14 wherein the primary
data communications circuit comprises a plurality of repeaters serially coupled in the primary
data communications circuit and wherein the circuitry coupled to the primazy data

communications circuit and the backup data communications circuit includes a switch to bypass
the repeaters in response to a loss of power.

44,  Anunderwater data communications system as claimed in claim 14 or 43 further
comprising a power distribution system coupled to the primary data coramunications cireuit.

45.  Anunderwater data communications system as claimed in claim 44 wherein the circuitry
coupled to the primary data communications circuit and the backup data communications circuit

includes a switch for decoupling the power distribution system from clectrical devices in
sesponse to a loss of power.

46. Anunderwater data communications system as claimed in claim 14, 43, 44, or 45
wherein electrical devices communicate data at a first rate over the primary data communications
data circuit and at a second lower rate over the backup data communications circuit.

47.  Anunderwater power distribution system as claimed in claim 19 wherein the fault
detection circuitry and the disabling circuitry are included in the plurality of devices.
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