1 SYSTEM FOR MEASURING A TIME OFFSET AND METHOD OF MEASURING A TIME OFFSET
[0001] This invention relates to a system for measuring a time offset of the type, 5 for example,
comprising a plurality of acoustic sensor nodes, such as subsea sensor nodes. This invention also relates
to a method of measuring an offset, the method being of'the type that, for example, comprises
interrogation of the acoustic sensor node. 10[0002] In the field of seismic surveying, it is known to conduct
repeatedly the same seismic surveﬁ several times over a number of years in order to monitor changes to

the structure of a réSevaMGRBRM @ﬁk’&'&!ﬁrﬁ&‘ygﬁﬁgﬁnﬁ&% EHHQB P8 MEASUBING as a result

of hydrocarbon extraction. Such surveys are commTDIME roFSETto as time-lapse seismic surveys. One
current process for 15 performing time-lapse seismic surveys is simply to undertake several so-called
Ocean Bottom Seismic (OBS) node surveys, separated in time in order to find changes between seismic
"pictures” generatE@tim tritainxeniicsdrelsiieg theaGpSesuriesyse2oftio03] Tine wéaet iof GBS yieta

acquisition is SO_W%Q‘Se‘i‘éﬁ*ﬁbéﬁ%&ﬁ%?%%@”é‘gi)grémsef ARgESHRNEIS SRR RRELRIG RARKEY

autonomously, i.e. they are not linked by ca he sensor nodes are arranged to record four-component
seismic signals, b§RISAGEhHy dFEDHHRIERR SR ELEHED P AINGRIShENE @HEHI8 3B OfRe b iR&tion of the

deployment. Typicalhdbesarsesisvrengpe shias st saiast acdmpasRlingraig foaretiit 20006tid00Hz.

[0004] In an examéale of a k&leown deployment, the sensor nodes are placed on the seabed by Remote
Operated Vehicles?E{S(g(/rsl?, usually in the order of 1000 nodes at any one time. Typically, the sensor

nodes are placed in two-dimensional 30 arrays or "patches", sometimes in a regular arrangement such as

a square Or qgectpitiy9) and HeMEneP 48 dIRBYIAG A AIFBIA' AWHAAIR NepRaugPaRed around
400m to 500m apart. Once an array of sensor nodes has been . .
same seismic survey several times over a number of years in order to monitor

changes to the structure of a reservoir containing hydrocarbons and to identify
deformation of the reservoir as a result of hydrocarbon extraction. Such surveys
are commonly referred to as time-lapse seismic surveys. One current process for
15 performing time-lapse seismic surveys is simply to undertake several so-called
Ocean Bottom Seismic (OBS) node surveys, separated in time in order to find
changes between seismic “pictures” generated from data acquired using the OBS

surveys.

20 [0003] The trend in OBS data acquisition is towards deploying a large array of
sensor nodes on the seabed that operate entirely autonomously, i.e. they are not
linked by cable. The sensor nodes are arranged to record four-component seismic
signals, by using one hydrophone and three orthogonal geophone sensors, for the
duration of the deployment. Typically, these sensor nodes record data at a

25 sampling rate of around 200 to 400Hz.

[0004] In an example of a known deployment, the sensor nodes are placed on
the seabed by Remote Operated Vehicles (ROVs), usually in the order of 1000
nodes at any one time. Typically, the sensor nodes are placed in two-dimensional
30 arrays or “patches”, sometimes in a regular arrangement such as a square or a
rectangle, and sometimes in more irregular arrangements, and are normally
spaced around 400m to 500m apart. Once an array of sensor nodes has been
deployed, a vessel adapted to perform active seismic transmissions passes over



deployed, a vessel adapted to perform active seismic transmissions passes over 2 the top of the array
many times and discharges a seismic gun repeatedly at around 50m intervals. The sensor nodes record
the resulting seismic data using their hydrophone and geophone sensors to receive the seismic waves
generated by the seismic gun and the seismic waves reffected by the various layers of 5geological
structure below the seabed. [0005] The sensor nodes are then recovered by the ROV or a surface vessel
and the data downloaded from each sensor node for post-processing. 10[0006] For effective processing

of seismic data, tHE%BARY Qb BSsGFEAth A AMPMES iRSARSTIA0ER) erRivMito g WitRReaRAbeRor array

are "aligned” to a gasnAIOBOIMBTEANR tOThBighnaseuTadys Teicordnplessppiinxiserely arlisgagnd (ms),
is a fundamental r%%uire ent, so thatgeismiﬁ data between all node%can be correlated. If time
t "ﬁ]r eop ﬁ‘& € Sel

SN i hygrophgne an one Sensors 1o receive SelsmIc_waves generated
synchronisation is no{a |e\9e8% ﬁns ccuracy, the resulting i%' seismicimages genegapecf can be

degraded and herie ihacisatés iguthiandsihectseitmicigraresasefiectethtbyatbenvaidoss thrystamef time, the
time noted by@m&g&g@g&@q%@éggy&ﬁl‘tlhr@gé'gg@&urements were made will not be aligned and so

when the seismic images are reproduced by combination of the data collected by each individual sensor
node, the misalignment of the measurement times between 20the sensor nodes will result in distortion of
the image. [0007] P8QRls dA8 IHARCENIRATHAEAEA TGERYPERLRSEISB oA S AR SRR Ay
achieved with the theedafzadughly suizeiifate wachgs emsduleosiedbrgsoatgonmssiantrolled Crystal Oscillator
(OCXO0) timing module. Such modules are 25 susceptible to time drift, but can typically keep track of

times at whigh sa ar, ‘sam ' " ithi r o) W illisecond
overa2to Bq?%onrmddﬁeﬁglof%%ﬁ%é}'% t?é?gtrégggﬁg tﬂ?gﬁﬁb‘?gr%&fﬁbﬁ%e&e@'@ btge ;%S?)%Ié .nélﬁaéjh OCXO

module is equippEdNRiNg Rtens SiprRvaly asrsdiargeandnirHArs RIS QL ifGRY BERterlionedoltoR] Before
deployment, the tigagnaitsetinfeemamse00nigAdR i RRYIRICSkERIMIY @ iR leRRidiBRted Kinikewsidlime
(UTC) (oran alter?r%tsixqscg%rﬁggrﬁierﬂsal requirement so that seismic data between all nodes can be
correlated. If time synchronisation is not achieved to this accuracy, the resulting
15  seismic images generated can be degraded and hence inaccurate. In this respect,
although measurements are made at the same time, the time noted by each
sensor node as to when the measurements were made will not be aligned and so
when the seismic images are reproduced by combination of the data collected by
each individual sensor node, the misalignment of the measurement times between

20 the sensor nodes will result in distortion of the image.

[0007] To this end, time synchronisation within each sensor node is therefore
typically achieved with the use of a highly accurate timing module such as an
Oven Controlled Crystal Oscillator (OCXO) timing module. Such modules are
25  susceptible to time drift, but can typically keep track of times at which samples are
taken (“sample times”) to within an accuracy of a few tens of a millisecond over a 2
to 3 month deployment period before any time drift corrections need to be applied.
Each OCXO module is equipped with a battery, typically a rechargeable Lithium
lon (Li-lon) battery.
30
[0008] Before deployment, the time offset of each sensor node is estimated
relative to Coordinated Universal Time (UTC) (or an alternative common time
base) using an externally originating Global Navigation Satellite System (GNSS)



base) using an externally originating Global Navigation Satellite System (GNSS) 3 signal, such as GPS
signal, which is provided via a cable connection to each and every sensor node prior to subsea
deployment. Thereafter, the sensor nodes are "free running" and therefore subject to timing drift until
recovered by the surface vessel or the ROV and again pfovided with the GNSS signal to measure any
final 5time drifts or offsets. [0009] By measuring the initial and final time offsets with respect to the
common time base of each sensar node, analysis of any residual drift of the OCXO timing modules can

be performed and¥irbctdgntAREby g0RlinGhicHHaIRBYIHeR Y8 A 630 RAGRRANN 1oneaeh 838h sensor

node as required tsvesgissnisopriesespng: {0QLOL LB msacteTised dterdriifeaferaoh ARG atigIng

module, it is then Roseipi fa dedys the ndhidualsampling iasiants ofsach sensop nade and therefore
time align the recorded SEISc data of all Sensor hodes wWithin the entire fgarray ay reqwreoa]por seismic

post-processing. [08ssH HotheVaR) ¢ andragaidaraBs G yetbriie oNeSsignal tameeswfedeawbineks that
restrict the abgity {9 RESIRIE PGSR SUrveys accurately. Firstly, the OCXO timing module draws
significant power from the battery. This power consumption 20 accounts for a significant portion of the
overall power demand of the sensor nodes and therefore typically restricts maximum deployment time to

around 2 to 3 mor#f08L R¥nEARYREJ0E. IatizbAR, Mapld e ATSAIR Mt Thesk & Hisu bR @ Mponent of
the sensor node cimeblsmaindath yaravondsidjamédys2stofZamordbisitaltheftedulie @X0rdeymf 1ms,

even after pre'de%%ﬂl%@,téé}? 5S ?}érr%:r?ﬁ/géyand corrected, thereby providing a final accuracy of

10 approximately £1ms for each sensor node as required for seismic processing.

[0010] Having characterised the drift of each OCXO timing module, it is then
possible to derive the individual sampling instants of each sensor node and
therefore time align the recorded seismic data of all sensor nodes within the entire

15 array as required for seismic post-processing.

[0011] However, current nodal OBS systems suffer from a number of drawbacks
that restrict the ability to perform seismic surveys accurately. Firstly, the OCXO
timing module draws significant power from the battery. This power consumption
20 accounts for a significant portion of the overall power demand of the sensor nodes
and therefore typically restricts maximum deployment time to around 2 to 3
months as mentioned above. Secondly, and in any event, the OCXO module
component of the sensor node can only maintain synchronisation for 2 to 3 months
to the required accuracy of t1ms, even after pre-deployment and post-recovery
25 drift measurement and correction has been performed. Therefore, after this time
the sensor nodes must be recovered and re-synchronised before they can be used
again. Thirdly, in order to maintain time synchronisation, the OCXO timing module
must be powered continuously between measurement of initial and final time
offsets, otherwise synchronisation is irrevocably lost. Consequently, the sensor
30 node cannot be powered down between seismic measurement events in order to

conserve charge of the battery.

[0012] The effects of this relatively short-term endurance of the sensor nodes are
compounded when there are delays in the deployment or recovery of the sensor



25 drift measurement and correction has been performed. Therefore, after this time the sensor nodes
must be recovered and re-synchronised before they can be used again. Thirdly, in order to maintain time
synchronisation, the OCXO timing module must be powered continuously between measurement of initial
and final time offsets, otherwise synchronisation is irrevdtably lost. Consequently, the sensor 30 node
cannot be powered down between seismic measurement events in order to conserve charge of the
battery. 4 nodes and sessions of discharge of the seismic gun, for example: lack of availability of the
surface vessel, eqiifRTeNGiIBFESPRPoPhAUSTRAER r Yo AL SHS R BUe fe SraARIAsIARO R has
expired, either duavaikimiing el tfiesdiicdapiedisn sfuipenehargiuns tieilatteny vibatsensondinoiesmust be

recovered for 5 baéte% cmarg ng a{md OCXO cloglé(?grlft measuremlxteﬁé,r vmlg is a veéyr gnée consuming and

costly exercise. [0 5 Accoré‘?nS & asﬁrnssfoésggc ?ﬁeeﬁ(l%rseednt ?nventlon,toertérqén Svided'a gystem for

measuring a time d¢igletion 2ot doetargemioihadoitesiatiie toend redeiemeestirhe, tteoggrtdntor
comprising: ag acpyRlif, COMRIEAHIRNOEME age b RSl hiisat 2GRHSTICOrabesHanahto the
acoustic sensor node; a processing resource operably coupled to the acoustic communications unit and
arranged to recor@A F4NEHI8ERH AR BEIGSErst signal, the transmission time being relative to the
reference time; wherein the acoustic sensor node is arranged to receive the 15 first signal and to transmit
a second acoustich@qg;] sigggl rt | r%he acao;rxl%tlc comr %?i%aetiorrlgsuni[t %f\;er ffloﬁr%ﬂgFer@in?ngggg delay, the
second signal including time dhta %é?cative of BPCUTrent inteTnar time of Ihe acousticsensor hode during
the predeterminedYistent dtuy maasuhsgcodistie obisehticti@eousticisansaigedd® re@tive theasecond

signal, the pieresaingdRs0te BRI EARYRIHG SALEBIICE SRR Nanal Bssaed the

receive time also being relative to the reference time, and to calculate the combined time of flight of the
first and second sigristESHHGASTRGAFRHEBAPIRRE SINALICHIITRIAEYTHE $RBBRILERARMEH RIRREERIY to
calculate the time resgtdecbperibiesusientintaenatingiothiersensaticesemndibereiagacstime. 25

[0014] The acoustric C(?gﬁmgnié:ar%ions H@'Fn ma 91e 3@ ?coustilc tﬁar?cgi\r/r(]ar. EO%)%S&The.%coru?th(i sensor
node may typicallyelgg isap 2EURIRE S8EHE4 ARdIGH iR'HhE ngf Re>Au3EStc Eo%?r?ﬁrﬁcaetl% Yunit may

be coupled to or iteityatiyiS@homtistewirherainfaeacessiil, ssnshrascasifpuaboed. tdoecsree, the
processing resourgecaiyRg diiHPWetai¥ AN RIERAY A dBERECFESRINGGRSPUEFANRB ustic
communications unit after a predetermined time delay, the second signal including
time data indicative of a current internal time of the acoustic sensor node during
the predetermined time delay; and the acoustic communications unit is arranged to
receive the second signal, the processing resource recording a receive time at
20 which the second signal is received, the receive time also being relative to the
reference time, and to calculate the combined time of flight of the first and second
signals, and using the combined time of flight and the predetermined time delay to
calculate the time offset between the current internal time of the sensor node and
the reference time.
25

[0014] The acoustic communications unit may be an acoustic transceiver.

[0015] The acoustic sensor node may typically be disposed on the seabed and/or
in the sea. The acoustic communications unit may be coupled to or integrally
30 formed with a surface vessel, such as a ship or boat. However, the processing
resource can be distributed, for example part of the processing resource can be



5 located in the vessel and another part of the processing resource can be located elsewhere, for
example at a land-based facility or another sea-based facility. [0016] The surface vessel may be
arranged to traverse a sea surface; the 5 acoustic communications unit may be immersed, when in use,
in the sea. [0017] The sensor node may be arranged to fecord seismic sample data. However, as well as
being used for seismic surveys, the system and accompanying method set forth herein may be used with
other sensor nodes 10 deployed for alternative reasons, for example when deployed in the sea or on the

seabed, where préR§atetnfe Hfgrines 30 IRNABET RATLE] KIR/PICEEPSIRIERSRUAER GRANERRATCBEEsed with
the system and melwchees festrekarain Hud thedshrdarthdinjioindiesinerdaaraatiealiycaing accuracy is

UTC, 15 though alternatively International Atomic Time (TAI) may also be used as the reference time.
[0019] The internal time of the acoustic sensor node may be represented as a time value, for example a
timestamp, such d90iGheleens2dadeuydaaelite8e dondydiliedctmdsanvicsesacoaassorfaterntievely, and

where applicaple, 4%, 868 FCAYBHASH D FREPHRGFFRIRBIE FHBRIRSEKGR HiBggdhe start of a

seismic survey and/or since the sensor node last started recording seismic samples. 25 [0020] It may be
necessary to characterise relative movement between the acoustic communications unit and the sensor

node in order to uferRjamedhediyer ohdightraifjensmcesdiviucan thechrat sadmrcanranp@nalatal he
system may However, as well as being used for seismic surveys, the system and

accompanying method set forth herein may be used with other sensor nodes
10 deployed for alternative reasons, for example when deployed in the sea or on the

seabed, where precise time alignment is required.

[0018] Any accurate reference time may be used with the system and method set
forth herein, but the standard, both in terms of practicality and accuracy is UTC,
15 though alternatively International Atomic Time (TAl) may also be used as the

reference time.

[0019] The internal time of the acoustic sensor node may be represented as a
time value, for example a timestamp, such as in the form
20 Hour:Minute:Seconds:Milliseconds:Microseconds or alternatively, and where
applicable, as a count of the number of recorded seismic samples taken since the
start of a seismic survey and/or since the sensor node last started recording

seismic samples.

25 [0020] It may be necessary to characterise relative movement between the
acoustic communications unit and the sensor node in order to understand the time
of flight differences between the first and second signals. The system may
therefore further comprise a motion compensation unit arranged to compensate,
when in use, for differences in the time of flight between the first signal and the

30 second signal. The system may further comprise a location determination system;
wherein the motion compensation unit may be arranged to use the location

determination system in order to determine a time compensation value associated



therefore further comprise a motion compensation unit arranged to compensate, when in use, for
differences in the time of flight between the first signal and the 30 second signal. The system may further
comprise a location determination system; wherein the motion compensation unit may be arranged to use
the location determination system in order to determine & time compensation value associated 6 with
vessel movement during measurement for application to the time offset. The system may comprise a
vessel comprising the acoustic communications unit. The vessel motion compensation unit may be

arranged to estim3tEa ARSElRQSAENHHRITREIBPas YDAl It ARRlIcAAR Rl M Y RRatbR of the
sensor node. 5 [0@gdiefrheayossiapiikraseisns soaypheiagrargedoigstalcotateuaitissiopgaatt of Hae first

signal with respec\tl éosae |firrr§t ﬁ/cJeCtgorrrqetengtri]oﬁ v%ﬁselaat Blefirstr I%C%t'otn and r%% Sensar o%dﬁ %%?cond
speed of the secohd” S|gnaPW|ﬁ1 resr?eé]t '3 seCond Vecorbelween the Seneer hode and IQe vessel at a
second location. The Yiessealnd $ecsacdndativeeaishaagssecaiclitalechtisof therserditutimdeschnique.
[0022] One example of the motion compensation unit may be supported by a location determination
system; the motion compensation unit may be operably coupled to the acoustic communications unit. In

this respect, the s(#8£dd VERR SraeLasRIIESRIEASTTIAYARE REYRRAID A RIAARISRSR AT Hift an
Attitude and Headiing Rgfeianice SyptamiéAHRS Viscardestvdentievasseitae NargrRiGaiay siemtand/or

location determination system and associate hodology. If desired, the ngvigation system.can be
lementod e aE T A R O R < e A LR SR R
Measurement of atwmm Dbppﬁi@nshiftrwdh @wdbetwﬂseakaatsmiae@ﬁ:ttlm'isecdﬂi@ sigstamnchay be
used to char@@terl§gcg}% r@é@%@ mgyg@ggfcggwg%i%em@m%ﬁgm ns unit and the sensor

node. In this respect, the processing resource may be arranged to measure the Doppler shift in respect of
25the first and second signals in order to calculate a difference in times of flight
[0022] One example of the motion compensation unit may be supported by a

location determination system; the motion compensation unit may be operably
coupled to the acoustic communications unit. In this respect, the surface vessel
15 may be fitted with a GNSS location determination system and an Attitude and
Heading Reference System (AHRS) in order to implement the navigation system
and/or location determination system and associated methodology. If desired, the
navigation system can be implemented as an Inertial Navigation System (INS) and
supported by the GNSS.
20
[0023] Measurement of acoustic Doppler shift with respect to the transmitted first
and second signals may be used to characterise the relative movement between
the acoustic communications unit and the sensor node. In this respect, the
processing resource may be arranged to measure the Doppler shift in respect of
25 the first and second signals in order to calculate a difference in times of flight

between the first signal and the second signal.

[0024] Using any of the above ways of correcting for relative movement of the
acoustic communications unit and the sensor nodes, alone or in combination, it is
30 possible to measure the offset between the internal time of the nodes and the
reference time. The acoustic communications unit may be arranged to transmit a

timing correction instruction to the acoustic sensor node after calculation of the



between the first signal and the second signal. [0024] Using any of the above ways of correcting for
relative movement of the acoustic communications unit and the sensor nodes, alone or in combination, it
is 30 possible to measure the offset between the internal time of the nodes and the reference time. The
acoustic communications unit may be arranged to transniit a timing correction instruction to the acoustic
sensor node after calculation of the 7 time offset; the sensor node may be arranged to use the time offset
in order to update the internal time of the sensor node to the reference time. [0025] According to a second

aspect of the inveHfisnOtissle 1a6PERRIINILRISERY be raneed UR &5 Rt HMORIHRIHY CE8Tullity of

acoustic seismic sgikae foslesemaLtifasversesnabenedeticthu ifefeeereeseheomprises the acoustic
communications unit and the processing resource of the system as set forth above in relation to the first
aspect of the invention; and the plurality of acoustic sensor nodes comprises the acoustic sensor node of
the system as set[RA85hirwevidingtelatisecanthasientafgbetioyentidny thitieris 0028 etlceastiagao a third

aspect of the presentineniiony WRIR IS ARRURGIMISeAA MRHA QlonerRsuERmR Wmesofiashelan acoustic

sensor node relative to a reference time, the method comprising: transmitting a first acoustic probe signal

to 15 the acousticERSS n¥8eSEbm WAKEBLstiE orHilRfiRati¥RESEhit; GRENGIRY thE'%rarRSAKIBN time of
the first signal, the-tiaramisatméimeatkeioghe|aidcedsiibeseierenes tineytienacousiidaamaponede

receiving the first signal .and.transmitting a sec acoustic reply signal to the acoustic. communications
it after & precettit A it By, FRPERrana S e TEILTG A S Ao rrent
internal time of theederiStenpeisesrthedaseustiargeasousideahithaniyattinsasnietelcsivirgpobe second

signal and regprdingAJ6%6Me tifde é'gd@g(g? the is6eARghsignal is received, the receive time also being

relative to the reference time, and calculating the combined time of flight of the first and second signals,
and using the combined time of flight and the predetermined time delay to

[0026] According to a third aspect of the present invention, there is also provided
a method of measuring a time offset of an acoustic sensor node relative to a
reference time, the method comprising: transmitting a first acoustic probe signal to
15 the acoustic sensor node from an acoustic communications unit; recording the
transmission time of the first signal, the transmission time being relative to the
reference time; the acoustic sensor node receiving the first signal and transmitting
a second acoustic reply signal to the acoustic communications unit after a
predetermined time delay, the second signal including time data indicative of a
20 current internal time of the acoustic sensor node; and the acoustic
communications unit receiving the second signal and recording a receive time at
which the second signal is received, the receive time also being relative to the
reference time, and calculating the combined time of flight of the first and second
signals, and using the combined time of flight and the predetermined time delay to
25 calculate the time offset between the current internal time of the sensor node and

the reference time.

[0027] The reference time may be Coordinated Universal Time (UTC) or
International Atomic Time (TAI).
30



25calculate the time offset between the current internal time of the sensor node and the reference time.
[0027] The reference time may be Coordinated Universal Time (UTC) or International Atomic Time (TAI).
8 [0028] The internal time of the acoustic sensor node may be represented as a time value or as a count
of the number of recorded seismic samples since a start®f a seismic survey session. 5 [0029] Seismic
samples data may be recorded by the sensor node. [0030] A vessel motion compensation unit may
calculate a compensation value for a difference between the time of flight of the first signal and the time of

flight of the secontPORfHalTA® {06573/ 1tHBS 85 LBF AGABHIECTRPENSARER (HAY nhSy EBEETERIAh S location

determination syst@ne aatl eney falkceaiattbetisacabearisatornivdlveigssosiatplioyisheessetanovement
during measurem%pgfor.algfﬁlication to the time offset. 15[0032] The vessel motion compensation unit may

. . seismic survey,session. ) i
estimate a first location o‘?‘ é vessél, a Second location of the vessel and a location of the sensor node.

[0033] The method may further comprise: calculating a first speed of the first signal with respect to a first

vector betweep a ml af Asfirst é%%i@@ éﬁ%%ﬁﬁ@eﬁ%@%é@%i@%’&”%&g a second speed of the

second signal with respect to a second vector betiveen the sensor node and the vessel at a second
location. [0034] The first and second speeds may be calculated using a time dilation technique.
[0030] A vessel motion compensation unit may calculate a compensation value

for a difference between the time of flight of the first signal and the time of flight of
the second signal.

10
[0031] The vessel motion compensation unit may cooperate with a location
determination system and may calculate the time compensation value associated

with vessel movement during measurement for application to the time offset.

15 [0032] The vessel motion compensation unit may estimate a first location of the
vessel, a second location of the vessel and a location of the sensor node.

[0033] The method may further comprise: calculating a first speed of the first
signal with respect to a first vector between a vessel at a first location and the
20 sensor node; and calculating a second speed of the second signal with respect to

a second vector between the sensor node and the vessel at a second location.

[0034] The first and second speeds may be calculated using a time dilation
technique.

25
[0035] The method may further comprise: transmitting a timing correction
instruction to the acoustic sensor node after calculation of the time offset in order
to update the internal time of the acoustic node to the reference time.

30 [0036] If desired, time offset measurements can be made between first and
second time offset measurements, thereby enabling clock drift to be characterised

using a non-linear model, for example a higher-order curve than first order, such



25 [0035] The method may further comprise: transmitting a timing correction instruction to the acoustic
sensor node after calculation of the time offset in order to update the internal time of the acoustic node to
the reference time. 30 [0036] If desired, time offset measurements can be made between first and second
time offset measurements, thereby enabling clock drift t®be characterised using a non-linear model, for
example a higher-order curve than first order, such 9 as a quadratic curve. The ability to provide more
than the first measurement made pre-deployment of the sensor node and the second measurement made
post-deployment GFtREBABSICHIHE 1dNGARY BeILRENIR tharedhaB ihp dEStdReBINESRIFIE MBS to such
models to be accqinplishesnFelfiOs7 Iyieeirdhentaesmission sétbadinslesignainantagihdigosignal may
be sent to the senggrlnode f org hee agr(])usrtiﬁoc&em% giqﬁtior%scg\;}(aitr to | tgucs:t Hé%rS(neQagr ggggletg power up
or leave a standby sPa?é%{EOB ARGT The Sehgornode fas compylecfe parﬁmpation IfY &’ seIsmic survey,
a deactivation sigearadifting {eauch medsistobacdedraplishedacoustic communications unit to instruct
the sensor nogle to power down or enter a standby state. 15[0039] According to a fourth aspect of the
invention, there is provided a method of performing a subsea seismic survey, the method comprising:
measuring seismi&?@tﬂm%’ﬂ%rn t9sthg HISRIRSI ST S6188r HBUe Y RhdaleAGIHAIAGY BIRNEB V&S for each
sensor node usingéhe ethwdeidoeasdangartinme cffarists sehiartniabnyesinuralatomseibe third aspect
of the invention. 2oe Osoo4r0 %gct%rdgwetroua gﬁ‘?aa?g%cstt% H%e g{etseent invention, there is provided a
computer program glement comf))rlsmg c%mpu er program %3Ge means to make a computer execute the
method as set forth above in relation to the third aspect and/or the fourth aspect of the invention. 25
[0041] The CRIMPLFIRPHRER FETSBALEPOLE RERNGGHTHIABAERIRRARS 1SR SRR P04 2] It s

thus possible to provide a method and system having improve _
deactivation signal may be sent to the sensor node from the acoustic

communications unit to instruct the sensor node to power down or enter a standby

state.

15 [0039] According to a fourth aspect of the invention, there is provided a method of
performing a subsea seismic survey, the method comprising: measuring seismic
information using a plurality of sensor nodes; and determining the time offset for
each sensor node using the method of measuring a time offset as set forth above

in relation to the third aspect of the invention.

20
[0040] According to a fifth aspect of the present invention, there is provided a
computer program element comprising computer program code means to make a
computer execute the method as set forth above in relation to the third aspect
and/or the fourth aspect of the invention.

25

[0041] The computer program element may be embodied on a computer

readable medium.

[0042] It is thus possible to provide a method and system having improved
30 convenience and energy efficiency in relation to an arbitrarily sized array of sensor
nodes. The sensor nodes are capable of supporting a standby power state, with
no timing module running and no data recording. Prior to the start of the seismic
survey, each sensor node can be powered up from the standby state via an



30 convenience and energy efficiency in relation to an arbitrarily sized array of sensor nodes. The sensor
nodes are capable of supporting a standby power state, with no timing module running and no data
recording. Prior to the start of the seismic survey, each sensor node can be powered up from the standby
state via an 10 acoustic control signal in order to be ablEto start recording data and then the time offset
of each node relative to a reference time, such as UTC, can be measured remotely at a surface vessel.
5[0043] The sensor nodes therefore operate in ‘recording mode' only for the duration of the seismic
survey. This may PEIUSHE SRR SigRATROIERIE BealF fasay it dateigdiftandsithgased. By
measuring time offsigtst iohroachiatelteprergidinhandetgeincafltenshe seivay UTC bedareafterdb@aacording
period of interest, rtehrir%%glara,[cglesriusr(?léion %fstig?e offsets can be used to maintain 10 synchronisation
accuracy during thé reco}(d?ng perlofﬂeo\f interest in respect of seismic images to be generated. Also, any
long term, for example 60 day, time drift has little effect on the seismic images that can be generated. The

sensor nodesglo pegRRed i heAKBFHBRIREtHO ASRICERAES M RUSBIARANTAIRF St dspipument.

Consequently, reference time synchronisation and clock drift 15 compensation_of a sensor node whilst on
a surface platformPYRHARN ShibsIRPIERES SHRYdd BISIMRYUIRES EBMALRY a¥sto Tkt 1Ry ¢Euirement

of 2 to 3 months afgrationediaraAceunBCYsRfrigisanhan ihonsdsve. drifBys Ruddectintedife agrRisic survey

normally takes a few days, to perform, the method and system enable a lower pawer, lower accuracy,
crystal oscillator toHATAATIhRFCRS BEROL 5 A S T ch 1R SRt (A5 £ Ml irement
of maintaining lesgeriad dinisterest diifisfeoherdgtarfeationy disneppidseld tcaa memisedoforroathigimakes this

possible. At sga temperaEsievalch AR %99“WHQQr&BﬂHl?g_%éHQlF%Pﬁmt@%@f‘%“Pé%;?&‘?%fng’ the

lower accuracy crystal oscillator also exhibits a very low time drift, i.e. stable frequency control during
near constant tem{F AT ENE8 S| RRrRCEl e dtieRFManoehie Bt detsexample Gfhrite S 'in situ’

as opposed to befgrig dad afier deptosnantaidhenrensageodest ath ibgigeporaiad. Fundhegnese, the
sensor nodes can remaiqon the sepapeg form n% months orsyears without nee in%qr peat visi1i§ to the
tih 6?5?

surface to replacent?”leeﬁa ?eP)? orts es;%@ﬁrcr) o fgé%%%er RECETRY L& standby
mode in between Gepaysmiy.suréyrsenhisntbdu ceferdepytinedit synehandisaiing aaddalsogtovidiés better

time lapse sqismic QAR SNGR NG SPASUPMRR %ﬁiI'QPB_HW%W&%%&W?&Wﬁ@%ﬁﬁﬂaﬁ%vey’ as

positional repeatability Is important for time lapse seismic surveys. = [0044] At least one’embodiment of

the invention will MRWHEI8EdriRY, 19CREPISHS BU8rithiBIBhRIIaNHRR FERLAERIRETD Theé IR OMPARSIng
drawings, in whiclsgeigtits bisia achaaaticfRBEcsRIMati o aintesystens fut epredngdienedsiarss
constiing an embodiment o e N MY GEAS BRGHIOHS AUARLL A5 gs L fagasyring time
offsets constltutlné
lower power, lower accuracy, crystal oscillator to be used than the OCXOs
20 currently used. In this respect, the reduced requirement of maintaining less than
+1ms time drift for only a few days as opposed to a number of months makes this
possible. At sea temperature to which an OCXO timing module is subjected, for
example about 2°C, the lower accuracy crystal oscillator also exhibits a very low
time drift, i.e. stable frequency control during near constant temperature
25 deployment. Consequently, any time offsets can be characterised ‘in situ’ as
opposed to before and after deployment of the sensor nodes and in deep water.
Furthermore, the sensor nodes can remain on the seabed for many months or
years without needing repeat visits to the surface to replace the battery or for time
synchronisation. The sensor nodes are simply placed in standby mode in between
30 seismic surveys. This reduces deployment time and costs and also provides

better time lapse seismic data since the sensor nodes are not physically moved



another embodiment of the present invention; Figure 3 is a schematic diagram of acoustic signal paths
between a surface vessel and a sensor node of Figure 1; 15 Figure 4 is a schematic diagram of acoustic
signal paths between a surface vessel and a sensor node and associated variables for employing an
INS-based movement compensation technique; and 20Rifure 5 is a schematic diagram of acoustic signal
paths between a surface vessel and a sensor node and associated variables for employing a time
dilation/contraction-based movement compensatlon technique. . [0045] Throughout the following

description identic2fMFErRRENTRHIE RIS APBIEOIR, SeRRPRIFRBIKITS 1RBINERE [908Ts) [RRIEFRIGTFFigure 1,

in a system for measugipg time offsets an acoustic control system 10 is disposed in a surface vessel 12,
which can be a ship or boat, the acoustic control system 10 being adapted to send and receive signals
between 30 an array of sensor nodes, generally indicated 14, disposed upon the seabed 16. The acoustic
control system 10[0044]rid¢deasgirone syirrpdavent o B, ivremkampld aqwdredescriopdrabylyeygiled to a

communicatiafs %%%1&%@0%%%@@%@&%9%M%H}Br@o&ﬂ%{%b% 3R asystic transceiver 22 for

the purpose of sending and réceiving acoustic signals to and from the sensor nodes 14. The acoustic
transceiver 22 is attached to or integrally formed with the underside of the hull of the vessel 12 and so is

immersed below thﬁgaee suréa@eswmﬂdmun*@ramtétmousw: $iRneeeivem@asarn e any sifisade acoustic
transceiver, for exam%(w\ swtab%gdgpted lfj%on USB}L transceiver available from Sonardyne

iIngane t'of the invention;
International L|m|teop

10 Figure 2 is a flow diagram of a method of measuring time offsets constituting

another embodiment of the present invention;

Figure 3 is a schematic diagram of acoustic signal paths between a surface
vessel and a sensor node of Figure 1;

15
Figure 4 is a schematic diagram of acoustic signal paths between a surface
vessel and a sensor node and associated variables for employing an INS-based

movement compensation technique; and

20 Figure 5 is a schematic diagram of acoustic signal paths between a surface
vessel and a sensor node and associated variables for employing a time

dilation/contraction-based movement compensation technique.

[0045] Throughout the following description identical reference numerals will be

25 used to identify like parts.

[0046] Referring to Figure 1, in a system for measuring time offsets an acoustic
control system 10 is disposed in a surface vessel 12, which can be a ship or boat,
the acoustic control system 10 being adapted to send and receive signals between
30 an array of sensor nodes, generally indicated 14, disposed upon the seabed 16.
The acoustic control system 10 comprises a processing resource 18, for example
a processor, operably coupled to a communications hub 20, the communications



[0047] In this example, the acoustic transceiver 22 is coupled to the 10 communications hub 20 via a
motion compensation unit 24. The processing resource 18 is capable of processing and/or storing data.
Although, in this example, the processing resource 18 is 'topside” and located in the vessel 12, the
processing resource 18 can be distributed, for example part of the processing resource 18 can be located
in the vessel 12 and another part of the processing 15 resource 18 can be located elsewhere, for
example at a land-based facility or another sea-based facility (not shown). [0048] The communications

hub 20 is operabl}'¢BENEEIRY LLRIES 1RABIFEPY I GdAERARSE 22AM6H PBLIRSRIRGSSPStBIAEPS)

receiver, which reggietsrigning icdadry s enend more GNSSeastellitesl@s tetprovite tie @siyustic
control system 10,with a reference ti such as.Coordinated Universal Time (UTC). The GNSS$ receiver
% is coupled 0 2l BB s S B st T et VR e RS o R (ubseay
sensor node 14 istdepleseel thIae@&b‘@I i@mg@e@t bemdhﬁgsmm@@ seiEmiérBMysTE_@ch sensor
node 14 is adgptegifL6EOf iauei Y52 ISIR 8 AR Sy AR Al R mBHESS B cRERREIRS G

resource 15, for example another processor, operably coupled to a hydrophone 32 and three orthogonally
disposed geophori4ay Egéﬁtger%b?‘%('i@@& HRIRGCRG BYRED n B LRI ENRT8E G5 rably
coupled to the pradesistaguwesource 30 15 and arranged to communicate acoustic signals with the
acoustic transceiver 22 attached to the vessel 22. A battery 38, such as a Lithium lon battery, is also

provided to power, or.pode 14, A fimipg m 0, .ncludi stal osci (not shown), is
also operably cou[gga?rgqﬁe E)ﬁﬁgce%%s?rq] }é’spﬁ%e %g(%q%“ 3 ?é%%@%%he% cr§§p %%,s’ci I%lto'r does not
require heatit@y in eraen i padiRitaiMebp AL ¢fardinee i esmprTReneadions vatuded bhhantmeasihtrolled

Crystal Oscillator gopmesiy sisgd fapaseser NREessHIRpiaRHLE RNy AQRD0] AmBugrahtime of each
sensor node 14 is recorded by the timing module 40 using the crystal oscillator. [0051] The sensor nodes

14 are deployed o EHRRRIEPRSBSHPISRPH[RS R $vEREIES (ABH AAIRT, 'WHIEN aPe di5alié of

deploying, for exapnpéesiirijeescercef 180c0Osetsttboededdriakaringen givieoidiel qyosstession if
required. Typ'ca"¥e%%%r%%”?8rc%%d83 Fo”éa"’}re%%aﬁ?éj Ué%"e‘f'ﬁ’ﬁ“aeﬁ‘ds'% gtlh%?té%ﬁsg?rﬂfé% Sealyaly in &
regular arrangement such as a square or rectanglé, and are hormally spacéd about 400m 1o about 500m

apart. In thisléxanipseuseeatagan & deastacthetseyfercexampiemme at sarignddased. iaeliigver, it should
be appreciated thahgiher sea-based facility (not shown).

[0048] The communications hub 20 is operably coupled to a GNSS receiver 26,
for example a Global Positioning System (GPS) receiver, which receives timing
20 data from one or more GNSS satellites 28 to provide the acoustic control system
10 with a reference time, such as Coordinated Universal Time (UTC). The GNSS

receiver 26 is coupled to a GNSS antenna 30, for example a GPS antenna.

[0049] In this example, each (subsea) sensor node 14 is deployed on the seabed
25 16 for conducting time-lapse seismic surveys. Each sensor node 14 is adapted to
record four way seismic signals, and usually comprises another processing
resource 15, for example another processor, operably coupled to a hydrophone 32
and three orthogonally disposed geophones 34. Each sensor node 14 further
comprises an acoustic transceiver 36 operably coupled to the processing resource
30 15 and arranged to communicate acoustic signals with the acoustic transceiver 22
attached to the vessel 22. A battery 38, such as a Lithium lon battery, is also
provided to power the sensor node 14. A timing module 40, including a crystal

oscillator (not shown), is also operably coupled to the processing resource 15. In



15 greater or fewer number of sensor nodes can be employed depending upon application requirements.
The sensor nodes 14 can be switched on and off from the vessel 12 using an acoustic activation signal
when a seismic survey is to be undertaken. 20[0052] Although the precise method of conducting a
seismic survey would distract from the core teachings ofl the embodiments of the invention described
herein, for the sake of clarity a brief summary of this method is as follows. As part of the seismic survey,
the vessel 12 passes over the top of the array of sensor nodes 14 man¥ times and fires a seismic gun
(not shown) repedfi8lIFXAM RS ReseNsoE08ERIAISIqe R "YU HEGH B dedHR0r KL BFHEh I (BQINAG Seismic
data generated bytaautbytitghanepdZaand aeophanerdd SeascDyand drerdntdrcajnal ioyeithese surveys

is later collected and processed. However, the tim.ing data used with the seismic survey data collected by
CEHPmon used for Sens F nodes in seismic S [Veys: S :
each sensor node 14 must'be substantially in synchronism otherwise the seismic survey data will be

inaccurately processed. 30 Any differences in internal time between each sensor node 14 must be
minimised, foPexdA§iBltc’a miatal dimesef taghaanentimedely 4 g eopsiasstantha jrainaimaddeso that
the survey data caf beiageHEABI¥IRresematst. In particular, the 14 offset of the internal time of the sensor
node 14 and a reference time must be calculated.  [0053] In operation (Figure 2), an offset in time

between the inter ime_gf each 5sensor node 14 and the reference time.is calculated as follows. [0054]
Fiowever, a6  prdlER Ly SoREBa0 BHOAE5 LA e HERBIT R e eSS o8 CHER EeEsAfio 14
from the vessel 12¢bimesr(mdttiseowio) peinen apeheapadecofedapiayitwrdoosdaimare) optienathepacessing,
of seismic data fo Y, Sij .S jmi stap ignal the
beginning ofE} tﬁe si??rﬁ%@t?rc\?e@g’ﬁgﬁe%f?ggw gf elrétsﬁéaiér@% @t%gr{? %ggt%reg irgo?%%%ghj(ﬁé%%gé to power
up, the acoustic triIfse@Nser PoERs thit FesBIACLS {RWREHBSEICAb AN peosigyal YSHapysa)ao the

acoustic transceiviigdfapipriyerRsRr JiRHE L4 AregRFENtRd ddtdinget 2andFigHre drhatig theatiare at which
the 15 acoustic probe signal 42 i sen;ssr lative tg a reference tinlg, in this ex&rq%le Coordinated Universal
Time (UTC), 1s re GoRIIHUNTH L FBRRL SRR od L4 SHEBRITe A SIGRhe BFE AEBARE probe
signal. The acoustiwr texastgiver 36>0#eachseissosenhdE dweemeiiteshihid chdeusppEobiedigns! 42 and

after a predefgrmi{%%%ﬁé‘?%rd%‘i}é’eﬂsﬁ%%ﬁ@?’ Y Qéﬂl"ﬁ‘ %%Q%W(g%grgg%djga %%‘?ﬁ@”ﬁ%ﬂrpy line 44

in Figure 1) back to the acoustic transceiver 22 on the vessel . a mccf%go ated into the
acoustic reply sigrR@PigatRIuERS iR nANEnse Tt Basiass bt fedebeASYICBRErAPI@ AP P, such

as a timestamp represeaied 12 thadgllavins frfmalcheitsnigrie wreoadiRilisetensdsignteraseconds.
Alternatively, the int%g]al time 25 could be sent as a count of the number of recorded seismic samples
since the start of tHA%SERKS survey or since the node last started recording seismic samples. The

acoustic reply signal 44 also comprises data identifying the sensor node 14.
20 [0052] Although the precise method of conducting a seismic survey would distract

from the core teachings of the embodiments of the invention described herein, for
the sake of clarity a brief summary of this method is as follows. As part of the
seismic survey, the vessel 12 passes over the top of the array of sensor nodes 14
many times and fires a seismic gun (not shown) repeatedly at around 50m
25 intervals. The sensor nodes 14 record the resulting seismic data generated by
their hydrophone 32 and geophone 34 sensors and the information from these
surveys is later collected and processed. However, the timing data used with the
seismic survey data collected by each sensor node 14 must be substantially in
synchronism otherwise the seismic survey data will be inaccurately processed.
30 Any differences in internal time between each sensor node 14 must be minimised,
for example to a margin of less than approximately 1ms, or substantially
eliminated, so that the survey data can be accurately processed. In particular, the



30[0055] The acoustic transceiver 22 on the vessel 12 receives the acoustic reply signal 44 and the
processing resource 18 records the time at which the second signal 44 was received relative to the
reference time, and from that a combined time of flight is calculated. 15 [0056] In a simple embodiment,
the vessel 12 is assumed to be stationary when commuhftating with the acoustic transceiver 36 of a
given sensor node 14 and so the send and receive paths are assumed to be equidistant and an outbound
time 5 of flight, T, is assumed to be the same as a return time of flight. Consequently, taking into account
the predetermined®Hifst BEIES HFiGEAiES: Hothe \FRBROFeBRERdiAA i1fe 'SII6EGE FS'FBEé@i‘ﬁ%QMZ, the
round-trip, overallctim@édight is 2T + Atr, where Atr is the predetermined time delay that comprises the
delay between the sensor node 14 receiving the acoustic probe signal 42 and 10 transmitting the
acoustic reply signal 44 It is therefore further assumed that the local time of the sensor node 14 is to be
found at the "mid-[168] ofrtiepsigtian Hrigraigtioarpatfseina timeckaiwkest the interthttipdmé esddiight after

deduction of te peeAelerBIeq AT felabréindoIRREZIERNAYST dEFoNERRE! 12 and the sensor nodes

14 do not stay in exactly the same relative position whilst signals are sent and received between the
acoustic transceiver 22 of the vessel 12 and the sensor nodes 14, because the vessel 12 is likely to

move, for exampléd98koRPNRY ot AHELRN AN SITRUARNEY A6RRYMacALReHPBRYR HHIYS of flight
associated with caleniatbopanitisetisoingaaféseu20ah the sesssm N@d e lhstaristguentypthetime of flight

between sent and I ignals ar ' ical, In this,re referring. to Figur y
movement of the \ﬁ%@ﬁ% %%@%@c%g %&18 Eﬁ%g%ﬁcﬁiﬂéﬂg %ﬁ% er?]%ggi?] t é??lglvl%ﬁg %%[[%L@h%%?g of the
sent and recévedighnl el r o dlesignal 2ahnd SrRCeAsPISGURATY . Stes 58 tarsigiteddiiees an

error in determining feneRresPRNIfNRR 2R hepverbibsiineinthe Hagkamad! ihenesssldand the
measurement of this time in the context of the time frame of the sensor node 14. [0058] For example, an

uncompensated réRARAY MBIBFN PO’ fRedf2R BERNEYN HRDSRAIR ABRM I anERSE b0 UBEE
transceiver 22 betyepes the senditig psobef tignfir(Ssignal anl tiesepibostiof thesatond3ggsfainiioduces an

erfor of 1 ms lo the spieime olasLaspsmiament ANETHR e Yeaimiotareen A img
Inaccuracy for seismic sgnsor nod' ystems. f peratlngt e acoustl sensqr no. es _ in meters
water depth,lthe cesabitiedrrake osiitt 4Acieidiagtthelatige to a reference time, in this example

Coordinated Universal Time (UTC), is recorded by the processing resource 18 at
the transmission time of the acoustic probe signal. The acoustic transceiver 36 of
each sensor node 14 receives the acoustic probe signal 42 and after a
predetermined time delay (Step 56), transmits an acoustic reply signal

20 (represented by line 44 in Figure 1) back to the acoustic transceiver 22 on the
vessel 12 (Step 58). The data incorporated into the acoustic reply signal 44
includes the internal time of the sensor node 14, for example a timestamp, such as
a timestamp represented in the following format:
hours:minutes:seconds:milliseconds:microseconds. Alternatively, the internal time

25 could be sent as a count of the number of recorded seismic samples since the
start of the seismic survey or since the node last started recording seismic
samples. The acoustic reply signal 44 also comprises data identifying the sensor
node 14.

30 [0055] The acoustic transceiver 22 on the vessel 12 receives the acoustic reply
signal 44 and the processing resource 18 records the time at which the second
signal 44 was received relative to the reference time, and from that a combined

time of flight is calculated.



predetermined delay in the sensor node 14, would be around 1.5 seconds. The acoustic transceiver could
easily move considerably more than 1.5 metres in this time especially if high sea states are present.
5[0059] As intimated above, the overall, round-trip, time of flight is therefore the sum of a first time of
flight, T1, associated with transmission of the acoustic ptébe signal 42 from the vessel 12 to the sensor
node 14, a second time of flight, T2, associated with the transmission of the acoustic probe signal 44 from
the sensor node 14 to the vessel 12, and the predetermined time delay, Atr. 10 [0060] The motion
compensation unit 24 is therefore used to compensate for relative movement of the vessel 12 with

respect to the sentd9P9bdEs2 3 T FBIRCEPRAbWIAG AR TelpdR RS timRs 0 ARy RAlPHRYaWE6 tic probe

signal 42 and the esoustiticalhyg sithahédbsmgisic aaddbeengthaifdhyvpresateominet tiheadelsy, Atr, 15
; N . oot ; . : : . o

ensor node 14 o8 e R R O e S R R o

node 14 can Be catiliahtd (S gsRmsdiie beotesshigecbarcetud. PR osTlighta Gestseaeily.

implementation, ﬂﬂ&kﬁﬂ@“ﬂﬁcﬁcﬁ@&ﬂﬂﬁaﬁm Ribbimmarpaited B¥I§yn%‘1’i9ﬁ€'0§e$h§%ﬁemo%0@m€rpf
determining a location, for exameﬁfl?e the GNSS, of the vessel 12, the motion compensation unit 24 being

operably coupled (GRSt eArQusR PERerRgTAbiON RS LK HiRPY iR 4R 6 8 hiEasure
movement of the @asselAt? inhery and & civergirsaiee ainined airtenelolbi Stiliy tongaseethentialag so can

be used to maintaj curate ti e sure 0 po nayigatio tem, t otion
compensation un?%@%gﬁ c{oﬁr%]g%%g%?] kﬁﬁ%i %n%%é%ﬁ#gﬁ%fg?{ééggcs?s&%% ( gﬁ/&)% a%?dqjt‘liqon to use
of the GNSS! (f ddtnramithech HBReRIS iy Ry signaltémalivelineecieislduitietcassymadibaidhRavigation

System (INS) supRRApHrRY BekeNssRsdNAc 4 ¥ AN B aBBIIRN aordialssAF bretMessighar between

the GNSS antenna 30 , o , ,
propagation path and hence half of the round-trip time of flight after deduction of

the predetermined time delay, At,.

15 [0057] However, the vessel 12 and the sensor nodes 14 do not stay in exactly the
same relative position whilst signals are sent and received between the acoustic
transceiver 22 of the vessel 12 and the sensor nodes 14, because the vessel 12 is
likely to move, for example due to wave movement and water currents, during
measurement of the times of flight associated with calculation of the timing offset

20 of the sensor node 14. Consequently, the time of flight between sent and received
signals are not identical. In this respect, and referring to Figure 3, any movement
of the vessel 12 introduces an indeterminate difference in the individual path
lengths of the sent and received signals between the vessel 12 and the sensor
node 14. This, in turn, introduces an error in determining the correspondence

25 between the time in the time frame of the vessel 12 and the measurement of this

time in the context of the time frame of the sensor node 14.

[0058] For example, an uncompensated relative movement of 1.5 metres
between the sensor node 14 and the acoustic transceiver 22 between the sending
30 of the first signal and reception of the second signal introduces an error of £1ms to
the absolute time offset measurement, which is the very limit of acceptable time
inaccuracy for seismic sensor node systems. If operating the acoustic sensor

nodes 14 in 1000 meters water depth, the combined time of flight, including the



and the acoustic transceiver 22, known as the lever arm between the antenna 30 and the transceiver 22,
are measured using the AHRS. By this means the position of the acoustic transceiver 22 in the "GNSS"
frame is estimated at the instant the 17 acoustic probe signal 42 is sent and the instant the acoustic reply
signal 44 is received. The position of each sensor node 1@ in the same frame is known and therefore the
error due to vessel motion can be mitigated. 5[0062] In this respect, if one considers the vessel 12 moving
across the surface of the sea relative to the sensor node 14, the sensor node 14 is stationarﬁand located

at a point in spac@ERFIABESR Aelgnd b6 arrReS Q0% 91 WRLY RS ATRHEFate S&RIEd d8%having

coordinates, xo0, yaca@ostibaruasselér tcansmisiltheaco udiiciperhb piginae 4R B inigaklmetts, with
respect to the tim?. frame of Ik“a i?.givEssel élt,tz The estimatgd coordinates of the vessel and the initial time

are logged by the Motion Compensation uni %tfs(grr%ﬁ{/egﬁ?er suitable entity supported, for example, by

the processing resource 18). The acoustic probe signal 42 is received by the sensor node 14 after a first
time, T1. An &stinl@@58} the findmpates Toove dtevedaisihganecttirdiiaeesiolight redwieigrextheyo, zo, the

estimated 15 coogdinases @hNamenstandinde 1 4s¥deidtealnant:anapvagsiepthdtiissirggrebany sound

speed can be used includin%'. A time calculation unit (not shown) is supported by the processing
resource 15 and tR9FifG e 48 89¢hd <dAdBP RIS AR9Ed % dhie P A &ollighthd acoustic
probe signal 42 whbs@spied tatthehtnmarisanssiosest [healydsticeptiohiogigradulé #0rmfttiee ssesor node

14. 20 [0063] Af f ' ime",. de 14 replies b
10063] Aft elanoe G130 AEcileys WIIHEUILAGry L RiouRRl i sensor node 14 reples by

transmitting the acoustic reply signa comprisin the sensor node 14 as
generated by@he sensor node 14 and, in this example, data identifying the sensor node 14. 25 [0064] As
the vessel 12 is m@@369) theeadrlfit FOPNPENSAHPAAUNENSMIREDFIRTE JeashbihsaPaNSFEc&Ned by the

vessel 12 when at&lawep6d61ates: ofdh¥hetdell N2 Mot s RENREERsBN ade 095 tRechnee)of arrival,
ts, , of the acoustig rﬁ{)lg S na%I}44 transmitted b\ét eﬁ&r\l/sor Bode 14, the s bseguev%%néjbé)f arrival
being 30 recorde Yith P@@% GISRREGIE TR 8 { t8§§ Plaf%%tr'fg WPL[hetﬁ Bt c,IQSrdinates
of the vessel 12, x@;oyBtiz2eplycsityeati dve sid raati el the, Issghdeid ey gresstmsonetb imd delath fdspect to
the time framg of g}?ep@Hb‘ﬂ/mgdéngo‘}%a%neceﬁ@ulated by the motion compensation unit 24, the

internal time of each sensor node 14 can be compared to the UTC reference time,

and thus the offset time for each sensor node 14 can be calculated (Step 62) by

the processing resource 18.

20 [0061] In a first example implementation, the motion compensation unit 24 is
supported by a navigation system capable of determining a location, for example
the GNSS, of the vessel 12, the motion compensation unit 24 being operably
coupled to the acoustic transceiver 22. The motion compensation unit 24 is able
to measure movement of the vessel 12 in x, y and z coordinates during a time of

25 flight measurement and so can be used to maintain accurate time offset
measurements. To support the navigation system, the motion compensation unit
24 can comprise an Attitude and Heading Reference System (AHRS) in addition to
use of the GNSS. If desired, the navigation system can alternatively be
implemented as an Inertial Navigation System (INS) supported by the GNSS. The

30 x, yand z translation coordinates of the vessel 12 between the GNSS antenna 30
and the acoustic transceiver 22, known as the lever arm between the antenna 30
and the transceiver 22, are measured using the AHRS. By this means the position
of the acoustic transceiver 22 in the “GNSS” frame is estimated at the instant the



sensor node 14. The second travel time, T2, is estimated using the estimated coordinates of the sensor
node 14, the new location of the vessel 12 (xi, Yi, z1 and xz, yz, zz) and the sound speed used to
estimate the first travel time, -11. The coordinates of the sensor node 14 can be estimated in a number of
ways. For 5 example, the coordinate can be estimated Uding a so-called Long BaseLine (LBL) "box-in"
technique, which uses a combination of position estimates of one or more vessels along with time of flight
measurements to the sensor node 14 in order to estimate the coordinates of the sensor node 14.

Alternatively, the GSOHANGRIBOBE tRIgRRINER R EE AN B AR el RSPHSnEERH ataDRI 6ot

BaseLine 10 (USBégelystenobthesmsself lehih camébnaiiele withGINS SahaéafigeneisteaonnthadGNSS of
the vessel 12. Thc—[‘ Iocz%tipen of a giv rLSensor node.can be stimpéggﬁﬁt the time of deployment of the
S

here € error 0 vessel.motipn can be mi \
sensor node or the Tocation can be estimated using aoaQa col ecﬂ%d e vessel 12 passes over and

between the sensor nodes 14 during a seismic survey. The skilled person should appreciate, however,

that any 15 sijtablg e hinmHieRab st SHENUANBRSARDEREMIPY G IRRBRFEeThENG RaERPsCtive of

the vessel 12, the measured round trip time, tm,i, is given by: 20tmn = Tim + T2m + Tturnaround(1) [0066]

where Tim is the fEas6refoIRtY & d0eltinetaRer THRHSs he R SSIRY S06nd4ri SlBHRBB5 BB 7] A best
estimate for the meastgediftisidraval $paecTéstierndecadarinesy usurgitagctlloywngzasauenpbnn ief a ratio

equivalence: - = Tsnggén e-léitrin %Pec} gaér rgvi:n-grircr:] S’?d’#w'é%%GgioR?? rrz%f]%rég\?e%%%}iq% (fLr?a:nsmits the
acoustic probe signal 42 at an initial time, to, with respect to the time frame of the

10 vessel 12. The estimated coordinates of the vessel and the initial time are logged
by the motion compensation unit 24 (or any other suitable entity supported, for
example, by the processing resource 18). The acoustic probe signal 42 is received

by the sensor node 14 after a first time, Ty. An estimate of the first time, Ty, is
derived using the coordinates of the vessel 12, Xo, Yo, Zo, the estimated

15  coordinates of the sensor node 14, x4, y1, z1, and a sound speed. In this regard,
any sound speed can be used including “1”. A time calculation unit (not shown) is
supported by the processing resource 15 and the timing module 40 of the sensor
node 14 notes a time of arrival, tso, of the acoustic probe signal 42 with respect to

the time frame used locally by the timing module 40 of the sensor node 14.

20
[0063] After elapse of an accurate “turnaround time”, Tinaround, the sensor node
14 replies by transmitting the acoustic reply signal 44 comprising the time of
arrival, tsp, at the sensor node 14 as generated by the sensor node 14 and, in this
example, data identifying the sensor node 14.

25

[0064] As the vessel 12 is moving, the acoustic reply signal 44 transmitted by the
sensor node 14 is received by the vessel 12 when at new coordinates: Xz, yz, Z.
The motion compensation unit 24 logs the time of arrival, ts4, of the acoustic reply
signal 44 transmitted by the sensor node 14, the subsequent time of arrival being
30 recorded with respect to the time frame of the vessel 12, along with the estimated
coordinates of the vessel 12, x,, Y2, Zo, and the time of arrival, tsy, recorded by the
sensor node 14 with respect to the time frame of the timing module 40 of the



Tim T2m = tmn Tturnaround = k2(4) 5 [0070] Substituting equation (3) into equation (4): 10[0071]
Multiplying through equation (5) by ki and rearranging, an expression for the measured second travel
time, Tim: =k1 x k2 m1+kl (6) 15[0072] Using the convention that offset or error is the observed value
minus the true value, the error in the clock, Te, of the setfsor node 14, with respect to the frame of the
vessel 12 is tso - (to + Tim), where to is the time at which the vessel transmits the acoustic probe signal
42. The error calculated can be subtracted from any time communicated to the vessel 12 from the sensor

node 14 in order t8eH6YoNRRLL thé- ifhe stesPRAIFRYRiiERG o Tim&SirPBtiEalRM R 1BE tieevesiprite frame.

The corrected timediatinedss 1hkegeasty msiused flos Hiavaooaase of preoeessng Seisnyig datmadVhen

performing a subsea seismic syryey, seismic information can be measured. using the plurality of the
sensor nodes, and zt‘néztiréfg gﬁsgem‘%{rsé)éjc ansseoneseodrr no é)%%r? %témoaé?e%nem@gtuts%%vgltﬁgn a oﬁsé %{(-ehcefmique in
order to facilitate 28qrtheaiesiryf dfiehecnssssurdd ddigrait hef@stiatRiad linthineepechfcoaystibarfor time

drift can be aghiead iy ke-+RMBIRG e 2B ERmRELE YRIASSACERNEN0dRPR-ARRIREYBiR frift model

to which the data recorded is fitted, for example a nonlinear drift model. Once the time drift has been

characterised, a stifabR fELUNRf Pt &8 TaIP IR RRBIAN QhiReptioaRalNeies SHRTREY ISR required

20 vessels along with time of flight measurements to the sensor node 14 in order to
estimate the coordinates of the sensor node 14. Alternatively, the coordinates of
the sensor node 14 can be estimated by relying on an Ultra-Short BaseLine

10 (USBL) system of the vessel 12 in combination with GNSS data generated by the
GNSS of the vessel 12. The locations of a given sensor node can be estimated at
the time of deployment of the sensor node or the location can be estimated using
data collected as the vessel 12 passes over and between the sensor nodes 14
during a seismic survey. The skilled person should appreciate, however, that any

15  suitable combination of these techniques can be employed.

[0065] From the perspective of the vessel 12, the measured round trip time, tmn,
is given by:

20 tmrt = T1m + Tam + Ttumaround (1)

[0066] where Tin is the measured first travel time and T.n is the measured

second travel time.

25 [0067] A best estimate for the measured first travel time Ty, can be derived,

using the following assumption of a ratio equivalence:

Nl

“Tm g @)
T2m

30 [0068] Rearranging equation (2):



sampling interval, for example a so-called "piecewise polynomial process" for temporal re-sampling of
data, or any other suitable technique. The resulting re-sampled data is in respect of the required sampling
interval, for example 2ms, 4ms or 6ms, as required by seismic data analysts for performance of seismic 5
processing, i.e. data sampled at points in time that do nd®conform to the desired sampling intervals, for
example 1.9999ms or 2.00001 ms, result in erroneous seismic processing of the data set. [0073] If
desired, the acoustic transceiver 22 can be combined with an INS and 10 AHRS, an example of which is
the Lodestar GyroUSBL, available from Sonardyﬁsze Igtéﬁational Limited, UK, in order to supp@r)t the
above technique. [0074] A second example implefientdtion (Figure 5) of the motion compensation unit 24
measures the acotbﬁ%%forg%?er shift or timidilzgi?_n/compression of 15 transmitted and received signals
and this, in turn, pro S E809 8% 7452 t8lled observed velocity" of the acoustic transceiver 22, i.e.
the vector of movement as observed in a two way time of flight measurement. [0075] In this respect,
again the vessel 12 moves across the surface ofthe sqa_2Q relagive to the sensor node 14, thgysensor
node 14 being stationary and located at a point in énpacemon fhe seabed 16. Af a time to, with respect to
the time frame of the vessel 12, the vessel 12 transmits the acoustic probe signal 42 comprising
transmission time [dat] T Bisodatatisdegaaddn (Brimeiguapnpensation unit 24 of the vessel 12. After
elapse of a propagation time, the acoustic probe signal 42 is 25 received by the sensor node 14. As will
be explained in further detail herein, the time calculation unit of the sensor node 14 estimates and records
the speed of the acoustic probe signal 42 along a_vectfy,from the vessel 12 to the sensor nodg. 14, and
also notes the time of arrival, tso, in the context o ‘Wéﬁca—l fime frame of the sensor node 14."'After
elapse of an accurate 'turnaround time", Tturnarounch the 30 sensor node 14 replies by transmitting the
acoustic reply signal 44 comprising the time of arrival, tso, at the sensor node 14 as generated by the
sensor node14, apuval] aRiRPSAREEhRIUGE agossts BPBG RiJAM 4datangitae XeERsEesbRVessel 12
to the sensor node 14, and data identif{gin he segsor node 14. 21 [0076] The acoustic reply signal 44
transmitted by the”%%ﬁ%%?% S_L%%]ge %Yq\? HrBﬁ’tfé”Vessel 12. The motion compensation unit 24 of the
vessel 12 logs the identity of the sensor node 14 and the time of arrival, ts, , of the acoustic reply 5 signal
44 transmitted by the sensor node 14, the subsequentl}ir;g% of arrival being recorded with respect to the
time frame of the vessel 12. The motion compendatien-4hit24 also extracts the time of arrival(&so, and
the estimated speed of the acoustic probe signal 42 aldﬁd(the vector from the vessel 12 to the sensor
node 14. 10

15 [0072] Using the convention that offset or error is the observed value minus the
true value, the error in the clock, Te, of the sensor node 14, with respect to the
frame of the vessel 12 is tsg — (1o + T1m), Where t; is the time at which the vessel
transmits the acoustic probe signal 42. The error calculated can be subtracted
from any time communicated to the vessel 12 from the sensor node 14 in order to

20 correct the time of arrival received to time in the context of the vessel time frame.
The corrected time data can subsequently be used for the purpose of processing
seismic data. When performing a subsea seismic survey, seismic information can
be measured using the plurality of the sensor nodes, and the time offset for each
sensor node can be determined using the above technique in order to facilitate

25 processing of the measured seismic information. In this respect, correction for time
drift can be achieved by re-sampling a recorded complete data set according to an
appropriate drift model to which the data recorded is fitted, for example a non-
linear drift model. Once the time drift has been characterised, a suitable re-
sampling process can be implemented to obtain data samples at the required



[0077] Due to the speed estimates for the acoustic probe signal 42 being calculated along the vector from
the vessel 12 to sensor node 14, the calculation of the round-trip time from the vessel 12 to the sensor
node 14 and back to the vessel 12 can be considered in one dimension with little loss of precision, for 15
example as can be seen from Figure 6. [0078] In such &Pimplementation, the recorded time (in the time
frame of the vessel 12) between transmission and reception is T. At the time of transmission, the
one-dimensional vector (distance) between the vessel 12 and the sensor node 20 14 is dTB, and the

one-dimensional VAR {(GisTREE) h &M ESATIRICsEnS87GIaE TRISFRYYAG \RALRPTR| R RS BiPne Ot

reception) is dBR téigsoraetesamipiadgransiaiasion and serepsicitabaascHimtouesSed 2dsakilg adong the

one-dimensional ve%ore(gliggl Q?se d;[alé{.&rgeofs%%serd of.so Qéjrﬁn IYr\Iat%rt i?V%§sf%rrnex%;[T(1) e manqrtrpe known
turnaround time o??he%eacon iS umground. As speed = glstahce/ﬁme, F|’[‘?h(=)resfore ?ollows that

the round-trip timedrTRMS, f@sndeawirethediollosisn e xgatsssimalyBRS =faTefBRmangetush a1 30 [0080]
Rearranging e 3haxa&xRye 8l AhyAeidsn prer B B AIRR iR iaic4n A JOXIHAD BRsapg e variable,

Q, can be assigned to the right hand side of this _
sampling intervals, for example 1.9999ms or 2.00001ms, result in erroneous

seismic processing of the data set.

[0073] If desired, the acoustic transceiver 22 can be combined with an INS and
10 AHRS, an example of which is the Lodestar GyroUSBL, available from Sonardyne

International Limited, UK, in order to support the above technique.

[0074] A second example implementation (Figure 5) of the motion compensation
unit 24 measures the acoustic Doppler shift or time dilation/compression of
15 transmitted and received signals and this, in turn, provides a measure of so-called
“observed velocity” of the acoustic transceiver 22, i.e. the vector of movement as

observed in a two way time of flight measurement.

[0075] In this respect, again the vessel 12 moves across the surface of the sea

20 relative to the sensor node 14, the sensor node 14 being stationary and located at
a point in space on the seabed 16. At a time ty, with respect to the time frame of
the vessel 12, the vessel 12 transmits the acoustic probe signal 42 comprising
transmission time data. This data is logged in the motion compensation unit 24 of
the vessel 12. After elapse of a propagation time, the acoustic probe signal 42 is

25 received by the sensor node 14. As will be explained in further detail herein, the
time calculation unit of the sensor node 14 estimates and records the speed of the
acoustic probe signal 42 along a vector from the vessel 12 to the sensor node 14,
and also notes the time of arrival, tsp, in the context of the local time frame of the
sensor node 14. After elapse of an accurate “turnaround time”, Tiwmaround, the

30 sensor node 14 replies by transmitting the acoustic reply signal 44 comprising the
time of arrival, tso, at the sensor node 14 as generated by the sensor node 14, as
well as the speed of the acoustic probe signal 42 along the vector from the vessel
12 to the sensor node 14, and data identifying the sensor node 14.



5 equation. Furthermore, the observation variable 01 can be calculated from the measured round-trip
time, TR, and the known turnaround time Tturnaround. Rearranging this expression further, we get: dTB
dBR =(9) 10 [0082] This provides a first equation of a pair of simultaneous equations. To derive the
second equation, the vector dTR needs to be considered! In this respect, at transmission time, the speed
of the transmitted signal along the vessel-tosensor node vector is STB, and at reception time, the speed
along the sensor 15node-to-vessel vector is SBR. Using the speed variables, an expression for the
distance travelled by the vessel 12 can be derived. 20[0083] In the above expression, the speeds are

calculated using g{0io7e]dilEripaleusty espipsiteehaiguaksained it ate febenatpie ihe awivalied
ambiguity function method ar the bl Doppler estimation, metho: desgribed in mputationally
efficient Doppler Ebc}fn%gn\s/aﬁ%%l sj)%fefrﬁefoqp%ﬁl%er%ﬁgre 5%%tb%rt]icu8'c?rr?r%uor?i§:% ione™ ﬁagi o@ﬂ%al%?EEE
Journal of Oceanig@niineéing seas@0ooares 4/ ane@shedime pefgesita, 1ts619f Ahel deonistie rptymed

speeds are a\sera%%apzimﬁ@mmsossg'%%ﬁw YibePrrerate batdsrime dikttionvaayehe, negative,

namely an equivalence exists between fime compression and time dilation. 23 [0084] An observation
variable 02 is therf@EERRR B efraREH: tHis Bcdifted Hrakt THE eYesrslente, d2@i8nceitime,
is also used so thabihperleaverexmitess glsocaxtaetsanesitigie ivftanal ofs)estisteanestvesiosssgaeand deR:

5dTB - dBR -0 (0085} A1er SR BB 95318, e SREmIt e RORLALP B irpgoys ggpatons i
node 14.
10
[0077] Due to the speed estimates for the acoustic probe signal 42 being
calculated along the vector from the vessel 12 to sensor node 14, the calculation
of the round-trip time from the vessel 12 to the sensor node 14 and back to the
vessel 12 can be considered in one dimension with little loss of precision, for

15  example as can be seen from Figure 6.

[0078] In such an implementation, the recorded time (in the time frame of the
vessel 12) between transmission and reception is Tgr. At the time of transmission,
the one-dimensional vector (distance) between the vessel 12 and the sensor node
20 14 is dtg, and the one-dimensional vector (distance) between the sensor node 14
and the vessel 12 (at the time of reception) is dgg. Also, between the transmission
and reception times, the vessel 12 travels along the one-dimensional vector
(distance) drr. The speed of sound in water is assumed to be ¢ and the known

turnaround time of the beacon is Tiymarouna-

25
[0079] As speed = distance/time, it therefore follows that the round-trip time, Tg,
is found from the following expression:
TR = % + % + Tturnaround
c c (7)
30

[0080] Rearranging the above expression yields:



10dre dee = ¢ * 02(12) [0086] As mentioned above, the speed of sound in water is assumed to be c, and
so by adding equations (9) and (12), we can obtain an estimate for dm/c, which is equivalent to Tim used
in the navigation system method previously described. 15 Using the convention that offset or error is the
observed value minus the true value, the error in the clok, Te, of the sensor node 14, with respect to the
frame of the vessel 12 is tso - (to + dm/c), where to is the time at which the vessel transmits the acoustic
probe signal 42. The error calculated can be subtracted from any time communicated to the vessel 12
from the sensor node 14 in order to correct the 20 time of arrival received to time in the context of the
vessel time frame. The corrected time data can sghsegyently be_used for the purpose of processing
seismic data. When performing a subsea seismic suryey, Se sridnfermation can be measuriéé using the
plurality of the sensor nodes, and the time offset for each sensor node can be determined using the
above technique in order to facilitate 25 processing of the measured seismic information. In this respect,

correction for imeyglifyan DerReRaYeH PirloraoRliesiesaulssbadenple Aha Rurel agecsrife o an

appropriate drift model to which the data recorded is fitted, for example a nonlinear drift model. Once the

time drift has Bee fQHRIARtrdARe S Ralle RRSERRIING ¥REERS BindBe iRfieairtries i i omidifdata
samples at the reguwégsliRarophiagriptenved, forexamplereskealad tpiegauise npheomialprocess” for
temporal re-sampling of date, or any ot sullahle techni
respect of the requwedrsa%wging w?te?va?, or example %r%s 4ms or 6ms, as required by seismic data
analysts for performance of seismic processing, i.e. data sampled at points in time that do not conform to
the desired sampling intervals, for example 1.9999ms or 2:.OCOD$1 ms, result in erroneous SSe'@nic
processing of the data set. [0087] Although this te¢finiqtle results in the accuracy of the calcu at>ion of the
speed of thel¥essel along the vector from the vessel 12 to the sensor node 14 becoming contaminated by
heave experienceghfynerkrssebiethe IRASCHERRY UM 16 hesshess sricHaes raeiisnytigatest by
making many observations.

derive the second equation, the vector dtg needs to be considered. In this respect,

}(/other s%%le technique. The resulting re- 24 sampled data is in

at transmission time, the speed of the transmitted signal along the vessel-to-
sensor node vector is Stg, and at reception time, the speed along the sensor
15 node-to-vessel vector is Sgr. Using the speed variables, an expression for the

distance travelled by the vessel 12 can be derived.

S;5+S5 ).,
dm:(uj TR

2 (10)

20 [0083] In the above expression, the speeds are calculated using a time
dilation/compression technique known in the art, for example the so-called
ambiguity function method or the block Doppler estimation method as described in
“A computationally efficient Doppler compensation system for underwater acoustic
communications” (Sharif et al., IEEE Journal of Oceanic Engineering, Jan 2000,

25 Vol. 25 No. 1, pages 52 to 61), and then the summed speeds are averaged. Of
course, the skilled person will appreciate that the time dilation may be negative,

namely an equivalence exists between time compression and time dilation.



[0088] Once compensation has been applied, in an optional further step (Step 64), respective correction
signals can be sent from the acoustic transceiver 22 of the vessel 12 to the acoustic transceiver 36 in
each sensor node 14, the correction 15signal containing the offset time data. The offset time data can be
used by the sensor nodes 14 in order to update the inte%al time of each sensor node 14. [0089] The
process can then be repeated (Steps 54 to 64) at the end of the seismic survey (Step 66) to allow for any
time drift that has occurred since the 20 surveys began. Thereafter, an acoustic deactivation signal is

sent (Step 68) frofdFANELEQAPESHRHRE YaHEbIT GladSL NRNPaR OIS H IR EPRIGRANNE ScrRIGH AlES 14 or

place them in a stgndimtytatee dg0Ralehisae sitesi-veamueman! alsisaswirepaatacisenataber of times

during 25 the survey ?essn.ecessaa/e/vygerriltt%%pﬁrtteurr1nesi8f ﬁ%eéié air% rove otpse tagirs]t'c | confidence in the
seismic measurements: [0DB1] TRroUGHOUT the above deschption, rererence Ras be made to the

communication of signals to the vessel and mathematical expressions have been 30 recited in respect of
communications to and/or from the vessel as opgos_eg to with respect to the acoustic transceiver 22. The
skilled persorbshould appreciate though that, whéfe-apipreidiate and/or desirable, the calculations of
location can be with respect to the location of the acoustic transceiver 22. 25 Claims: 1. A é)}ét)em for
measuring a time offset of an acoustic sensor node relative to a reference time, the system comprising:

[0085] After rearranging this equation, the second of the pair of simultaneous

equations is obtained:
10 d;g—dgs =c*0, (12)

[0086] As mentioned above, the speed of sound in water is assumed to be c, and
so by adding equations (9) and (12), we can obtain an estimate for dyg/c, which is
equivalent to T, used in the navigation system method previously described.
15  Using the convention that offset or error is the observed value minus the true
value, the error in the clock, Te, of the sensor node 14, with respect to the frame of
the vessel 12 is tsp — (to + dts/C), Where t; is the time at which the vessel transmits
the acoustic probe signal 42. The error calculated can be subtracted from any time
communicated to the vessel 12 from the sensor node 14 in order to correct the
20 time of arrival received to time in the context of the vessel time frame. The
corrected time data can subsequently be used for the purpose of processing
seismic data. When performing a subsea seismic survey, seismic information can
be measured using the plurality of the sensor nodes, and the time offset for each
sensor node can be determined using the above technique in order to facilitate
25  processing of the measured seismic information. In this respect, correction for time
drift can be achieved by re-sampling a recorded complete data set according to an
appropriate drift model to which the data recorded is fitted, for example a non-
linear drift model. Once the time drift has been characterised, a suitable re-
sampling process can be implemented to obtain data samples at the required
30 sampling interval, for example a so-called “piecewise polynomial process” for

temporal re-sampling of data, or any other suitable technique. The resulting re-



5an acoustic communications unit arranged to transmit a first acoustic probe signal to the acoustic sensor
node; a processing resource operably coupled to the acoustic communications unit and arranged to
record a transmission time of the first signal, the transmission time being relative to the reference time;
wherein 10the acoustic sensor node is arranged to receffe the first signal and to transmit a second
acoustic reply signal to the acoustic communications unit after a predetermined time delay, the second
signal including time data indicative of a current internal time of the acoustic sensor node during the

predetermined tinPARISS: 33ia BothEesRetiRiciie MaTHirEanR eI EeARAIgE 8RB RB HE S cond
signal, the processingresoursersgoieting\a rasivie tivagaatanhigstsheoseperidraignat isofeceivatc the
receive time also bein? relative to,the reference time,.and %o ca{ﬁ%]a e th con{]grirr}_]egot{meeaof fli'ght of the

first and second ngrﬁg ss,sén {J%in‘jlgahgnes%g1 mg(tfi .‘?HE%P fI|'g and t %%?e&% ermined time ge a%ll to

calculate the time sZ0ofiieg Heteveals, tHercaxampiatdrfgdPime ofrtti0S0dornotks ehdrtherrefearsce time.
2. A system ag C'@Q?&ﬂi@p%@ﬁ’&s%d“ﬁﬁﬁ%"&é@s%‘%ws“c sensor node is arranged on the seabed and/or in

the sea. 25 3.A system as claimed in Claim 1 or Claim 2, wherein the acoustic communications unit is
coupled to or integrally formed with a surface vessel. 4.A system as claimed in any of the preceding

claims, wherein thpoeigrexgmtigre isiCretiruiedddoiveinathbiraec(ldddy) i thsesariirAbdrtie Time
(TAI). 30 26 speed of the vessel along the vector from the vessel 12 to the sensor node 14
becoming contaminated by heave experienced by the vessel 12, the inaccuracy in

10 the speed calculated can be mitigated by making many observations.

[0088] Once compensation has been applied, in an optional further step (Step
64), respective correction signals can be sent from the acoustic transceiver 22 of
the vessel 12 to the acoustic transceiver 36 in each sensor node 14, the correction
15  signal containing the offset time data. The offset time data can be used by the
sensor nodes 14 in order to update the internal time of each sensor node 14.

[0089] The process can then be repeated (Steps 54 to 64) at the end of the
seismic survey (Step 66) to allow for any time drift that has occurred since the
20 surveys began. Thereafter, an acoustic deactivation signal is sent (Step 68) from
the vessel 12 to the sensor node 14 in order to power down the sensor nodes 14

or place them in a standby state.

[0090] Time offset measurement can also be repeated a number of times during
25 the survey as necessary/when opportune in order to improve the statistical

confidence in the seismic measurements.

[0091] Throughout the above description, reference has been made to the
communication of signals to the vessel and mathematical expressions have been

30 recited in respect of communications to and/or from the vessel as opposed to with
respect to the acoustic transceiver 22. The skilled person should appreciate
though that, where appropriate and/or desirable, the calculations of location can
be with respect to the location of the acoustic transceiver 22.



6.A system as claimed in any of the preceding claims, further comprising: a vessel motion
compensation unit arranged to compensate, when in use, for differences in the time of flight between the
first signal and the second signal. 57.A system as claimed in Claim 6, further comprising: a location
determination system; wherein the vessel motion coffpensation unit is arranged to use the location
determination system in order to determine a time compensation value associated with vessel movement
during measurement for application to the time offset. 10 8. A system as claimed in Claim 6, wherein the
processing resourE I§"%franged to calculate a first speed of the first signal with respect to a first vector
between a vessel at a first location and the sensor node, a second speed of the second signal with

respect to a seconld vecth betwe?n the sensor n?de a fj the f15vesse| ?t a second | catilop. 9. A system
) ) T %Stefﬂ Or Measuring a fime o set of an acolistic sensor node e §r]|ve(t5$I
as claimed in Claim 6, wherein the motion compensation unit is arranged to cooperaté with a’' GNSS

location determinai®iesgstentimadthe ysiedeam@issing Reference System. 20 10. A system as
claimed in any of the pregeding, dRitsWWRISAJAS GGPURLNMGRMBYHREHRNS HHalt [ AIEARGREJQ transmit

a timing correction instruction to the acoustic sensor node after calculation of the time offset, the sensor
node being arrangil'®) (B RCAHMIOHRBIIA RERT to update the internal time thereof to the 25reference

time. 11. A subsea seisgiprageésingysisoucRMipsHlgy apliplatittoftheauslisseisonmaansaiomndes; a
surface vessel; wla%ﬁfein Othe surfatce Vess <,Ijl(%roarrr11§3rises, th acog[l%ig ﬁommuni zﬁt]ions unit.and the

processing resource o1 RS rsr% %j a5 CAIMEd I annf/'%sr%%no rPheeoprece(flsr‘;[gS'(gglams; & transmission
time being relative to the reference time; wherein
10 the acoustic sensor node is arranged to receive the first signal and to
transmit a second acoustic reply signal to the acoustic communications unit after a
predetermined time delay, the second signal including time data indicative of a
current internal time of the acoustic sensor node during the predetermined time
delay; and
15 the acoustic communications unit is arranged to receive the second signal,
the processing resource recording a receive time at which the second signal is
received, the receive time also being relative to the reference time, and to
calculate the combined time of flight of the first and second signals, and using the
combined time of flight and the predetermined time delay to calculate the time

20 offset between the current internal time of the sensor node and the reference time.

2. A system as claimed in Claim 1, wherein the acoustic sensor node is

arranged on the seabed and/or in the sea.

25 3. A system as claimed in Claim 1 or Claim 2, wherein the acoustic

communications unit is coupled to or integrally formed with a surface vessel.

4. A system as claimed in any of the preceding claims, wherein the reference
time is Coordinated Universal Time (UTC) or International Atomic Time (TAl).

30
5. A system as claimed in any of the preceding claims, wherein the sensor

node is arranged to record seismic sample data.



27 the plurality of acoustic sensor nodes comprises the acoustic sensor node of the system as
claimed in any one of the preceding claims. 12. A method of measuring a time offset of an acoustic
sensor node relative to 5a reference time, the method comprising: transmitting a first acoustic probe
signal to the acoustic sensor node from an acoustic con#unications unit; recording a transmission
time of the first signal, the transmission time being relative to the reference time; 10the acoustic sensor
node receiving the first signal and transmitting a second acoustic reply signal to the acoustic

communications Uit afté} &Y pielcte FaertimBHthi eI essine SRIMS: IHEINSHT MRStk indicative of
a current internal time ofathe sidusbticseosmpaagdet@ndriheaanysticteyvmperieatmnshantinegsdying the

second signal and recording 15 a receive time at which the second sigpal is yeceived, the receive time
2lo0 being relatve de T Aeeer e B A e e e e SR B e secone

signals, and using the combined time of flight and the predetermined time delay to calculate the time
offset betweeh the curreftsyistafadsielaibeth s Sdako tnbdthaneamerieirgence time. 20 13. A method as

claimed in Claim 12, whergjp-ish'glesanrrtibnesisferprdingtgd Universal Time (UTC) or International
Atomic Time (TAI). 14. A method as claimed in Claim 12 or Claim 13, wherein the internal time of 25 the

acoustic sensor node is Tpré&aFRbd AR TRANSBIC0s Wilodh: BFARESLIihetSsr 18E01aed QBismic
samples since a stietbohmsteensigsgmnvisysdesiondeldninmeattiod as clpémextion Gdia dgsocietadm 13 or

Claim 14, Wherei%ﬁi;)@vév%&w&%&ﬁdﬁﬁ@?ﬁé%%ﬂrB%Q?ﬁ f%‘?%%%‘?{@%?f% Bt JifeBRpd as claimed in

any of Claims 12 to erein a vessel motion'’compensation unit calculates a compensation value for a
difference bdfveen the time of flight of the first signal and the time of flight of the second signal.

8. A system as claimed in Claim 6, wherein the processing resource is

arranged to calculate a first speed of the first signal with respect to a first vector

between a vessel at a first location and the sensor node, a second speed of the

second signal with respect to a second vector between the sensor node and the
15  vessel at a second location.

9. A system as claimed in Claim 6, wherein the motion compensation unit is
arranged to cooperate with a GNSS location determination system and an Attitude
and Heading Reference System.

20
10. A system as claimed in any of the preceding claims, wherein the acoustic

communications unit is arranged to transmit a timing correction instruction to the
acoustic sensor node after calculation of the time offset, the sensor node being
arranged to use the time offset in order to update the internal time thereof to the

25 reference time.

11. A subsea seismic survey system comprising:
a plurality of acoustic seismic sensor nodes;
a surface vessel; wherein
30 the surface vessel comprises the acoustic communications unit and the
processing resource of the system as claimed in any one of the preceding claims;
and



28 17. A method as claimed in Claim 16, wherein the vessel motion compensation unit cooperates with a
location determination system and calculates the time compensation value associated with vessel
movement during measurement for application to the time offset. 5 18. A method as claimed in Claim 16,
further comprising: calculating a first speed of the firdf signal with respect to a first vector between a
vessel at a first location and the sensor node; and 10calculating a second speed of the second signal with
respect to a second vector between the sensor node and the vessel at a second location. 19. A method

as claimed in any of Claif A8 8ty ®f REAYSHE SRRIAGIES FamarteR 'S aRNR]IESFBEAOARtruction to

the acoustic sensof tdsysféet aslcldationinfihe dimpe difgsbiscediny thaitpdate the internal time of the
acoustic node to the reference time. 20. A method as claimed in any of Claim 12 to 19, wherein prior to
the 20 transmission of the first signal, an activation signal is sent to the sensor node from the acoustic
communications utft to iAsnatitat @kmessurinde tinppwisal pbarcaseusatstsedbyrstate rettisentethod as

claimed in any of Q'@f@ﬁeﬂr@,etﬂng@; t\ﬁ@ﬁg}ﬂ&j‘t@éﬁﬂﬁigﬁ@sor 25 node has completed participation in a

seismic survey, a deactivation signal is sent to the sensor node from the acoustic communications unit to
instruct the sensor node!f8STNEPA GV raGRestic ARG SRR 392 RGAHB PRI RAFFHEP D subsea
seismic survey, thenraethetcosnprisifigashiseagyring seismic information using a plurality of sensor

nodes; and recording a transmission time of the first signal, the transmission time being
relative to the reference time;

10 the acoustic sensor node receiving the first signal and transmitting a second
acoustic reply signal to the acoustic communications unit after a predetermined
time delay, the second signal including time data indicative of a current internal
time of the acoustic sensor node; and

the acoustic communications unit receiving the second signal and recording

15 areceive time at which the second signal is received, the receive time also being
relative to the reference time, and calculating the combined time of flight of the first
and second signals, and using the combined time of flight and the predetermined
time delay to calculate the time offset between the current internal time of the
sensor node and the reference time.

20
13. A method as claimed in Claim 12, wherein the reference time is

Coordinated Universal Time (UTC) or International Atomic Time (TAl).

14. A method as claimed in Claim 12 or Claim 13, wherein the internal time of
25 the acoustic sensor node is represented as a time value or as a count of the

number of recorded seismic samples since a start of a seismic survey session.

15. A method as claimed in Claim 12 or Claim 13 or Claim 14, wherein seismic
samples data is recorded by the sensor node.

30
16. A method as claimed in any of Claims 12 to 15, wherein a vessel motion

compensation unit calculates a compensation value for a difference between the

time of flight of the first signal and the time of flight of the second signal.



determining the time offset for each sensor node using the method of measuring a time offset as claimed
in any one of Claims 12 to 21. 29 described with reference to Figures 1, 3, 4, 5 or 6. 24.A method of

measuring a time offset substantially as hereinbefore described with reference to Figures 2, 3, 4, 5 or 6.
28

17. A method as claimed in Claim 16, wherein the vessel motion compensation
unit cooperates with a location determination system and calculates the time
compensation value associated with vessel movement during measurement for

application to the time offset.

5
18. A method as claimed in Claim 16, further comprising:
calculating a first speed of the first signal with respect to a first vector

between a vessel at a first location and the sensor node; and

10 calculating a second speed of the second signal with respect to a second
vector between the sensor node and the vessel at a second location.
19. A method as claimed in any of Claims 12 to 18, further comprising:

15 transmitting a timing correction instruction to the acoustic sensor node after

calculation of the time offset in order to update the internal time of the acoustic

node to the reference time.

20. A method as claimed in any of Claim 12 to 19, wherein prior to the
20 transmission of the first signal, an activation signal is sent to the sensor node from
the acoustic communications unit to instruct the sensor node to power up or leave

a standby state.

21. A method as claimed in any of Claims 12 to 20, wherein after the sensor
25 node has completed participation in a seismic survey, a deactivation signal is sent
to the sensor node from the acoustic communications unit to instruct the sensor

node to power down or enter a standby state.

22. A method of performing a subsea seismic survey, the method comprising:
30 measuring seismic information using a plurality of sensor nodes; and
determining the time offset for each sensor node using the method of
measuring a time offset as claimed in any one of Claims 12 to 21.

23. A system for measuring a time offset substantially as hereinbefore



29

described with reference to Figures 1, 3, 4, 5 or 6.

24. A method of measuring a time offset substantially as hereinbefore

described with reference to Figures 2, 3, 4, 5 or 6.



