Opti mum Signal for Sea Bed Loggi ng Many | oggi ng
processes use el ectronmagnetic signals to transmt or
wohomios2a7af or mati on. One exanple of this is theCcusB20d6/000282
el ectromagneti c waves in sea bed | ogging, a special
application of controlled source el ectromagnetic
soundi ng devel oped by El ect yoMagneti c GeoServi ces of
Norway. In one application of this process, an
el ectromagneti c wave field response can be used to
determ ne the prfEcnecSiahsl/fof SeaBedd wfgiag reservoir
cont ai ni ng hydrocarbons or water, as described in
Eur opean Patent No. 1256019. In el ectronagnetic sea

bed | oggi ng, a nunber of types. of, transmtter, si I
MeJeeS e OpeBEs BiD PW@@&E&%@%%@S 39 Hp0smiRT fgﬂgm
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' i Qs oI dadous@yéeedrotafh&ient
bgg%ﬁ%’?&g&ﬁcmgﬁ@%ogi nusdgiﬁgal uﬁ%nalgdéo argﬁused,
sbegtihgdeatloped bgdlearodagnetid GeaRervicesiafd¥omway.ong as

|l ogging with a single signal type. In order to inprove
data i nversion w thout substantially increasing

hlbggg :ag 1%&{1@2@ lfnlfo];crggﬁa éﬁ E‘:f%: %i na ’éc &gaervgéfié?ﬁggsponse can
r i i~m . . s

SRR UBHADN) R L ALEanAr BALPET R pi continin

hSRsdafrisar watefpisleseribed ey Biropead Phtepgdth. d26601%nd a

et hod of obtaining such an optim sed signal by

sel ecting the paranmeters controlling the signal

eneration. . . .
I% electromagnetic sea bed logging, a number of types of transmitter signal

shapes have been employed, including sinusoidal and square wave. Inversion
of the logged data and the production of images from logged data can be
considerably improved by logging at several different frequencies. However, if
sinusoidal signals are used, logging at x frequencies will take x times as long as
logging with a single signal type. In order to improve data inversion without
substantially increasing logging times, multifrequency signals containing

particular desired frequencies can be used.

The present invention relates to an optimised multifrequency electromagnetic
signal which substantially improves inversion of logged data, and a method of
bbtaﬁning such an optimised signal by selecting the parameters controlling the

signal generation.

Candidate multifrequency signal types include square waves, which contain all
odd multiples of the fundamental frequency. However, for square waves the
amplitude of the nth harmonic frequency is proportional to n’!, whereas the

attenuation along a particular path is typically proportional to n'%. The
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Candi date nul ti frequency signal types include square

waves, which contain all odd nmultiples of the
wounodasmtral frequency. However, for square wares/GH2e06/000282

anplitude of the nth harnonic frequency is

proportional to n 1, whereas the attenuation along a

particular path is typically proportional to nm.

Thesi gnal / noi se ratio at the receiver for higher

harmoni ¢ frequencies is therefore relatively | ow,
slp@8hbisB Fatid at theereesivertifdr ihigheathareeuld feduentidshie therefore

inversion of |ogged data. ternatively, a periodjc
raletjuelydewy tessitigng implavesred qﬂalénytcefrmaﬂtm%@@hﬂle vayergien of

used to produce the signal, providing harnmonics in the
log 3t ed si gnal up to approximately 1/pul se w dth,

each harnonic frequency being of equal anplitude.

However, the input to the antenna is usually current
AlidFhigebll 0a pdrpidié Golpancl @fUshor! fBlses lofsaitérmdcierdtanay be

power 1n”the harnonics of such a signal. Signal

wed és ptochgerthe aigtadysroviting hermémnics i éhetrovsmitiedrsigtal up to
an el ectromagnetic signal conprising ftl_wo or three
a@emmmteflyed?@ﬂ&qv eWidth, reagh Asamenisal fregusmey uhemg Gf equal

B e i donigdile Tenges ia Sr8 it o »

pghi&hsr siigpay b‘g&&‘tﬁﬁﬂg i prweﬁ fn AthdrBoRidESf Jush a signal.

requency depéfident, Tesulttng 1n [ow signal/noise
rati os at the receiver for sonme parts of the signal.
Further, in the exanples known, the absol ute val ue of .
Sipealt genesating pangmeiers naquicad fasthe paediction Qfean electromagnetic

AT bt 0 W iy A i o o
éﬁe@iri]t‘rﬁe §,to%s@$»ﬁﬁinatﬂg ffeﬂ?oplgéééeﬁecf%‘gﬁ{é,%% kRoie However, as

set of frequencies
described above, the degree of attenuation of the signal between transmitter and

{e")

receiver is frequency dependent, resulting in low signal/noise ratios at the
receiver for some parts of the signal. Further, in the examples known, the
absolute value of the transmitting antenna current takes values substantially
less than Iy; for a substantial part of the time, with the result that both the total
transmitted power and the power converted to the desired set of frequencies is

less than what could be obtained from an optimal signal.

In order to improve the signal range and the inversion of logged data it is now
proposed that for an optimised signal, the power transmitted at certain desired
harmonic frequencies should be such that the amplitude ratios of the desired
frequencies are substantially equal when the receiver is at maximum range. It
is also desirable to maximise the overall signal/noise ratio at the receiver in
order to improve the quality of the logged data at any given range. Therefore,
an optimised signal in the context of the present invention, which may be used

in the field of sea bed logging, is one for which the amplitude ratios of the
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| ess than what coul d be obtained froman opti nal

signal. In order to inprove the signal range and the
wonuerms2on of [ ogged data it is now proposed tRrat/dB2006/000282
an optim sed signal, the power transnmtted at certain

desi red harnoni c frequencies should be such that the
anplitude ratios of the desiged frequencies are
substantially equal when the receiver is at maximm
range. It is also desirable to maxim se the overall

&dsaredl frérpienBick aire QuBdtaktilfly 8@l thé ReRivi whéh tHEfeR¥Rrer is
the quality of the |ogged 'data at any given range.
ahepeinoum®, raugeophé sk poviegrdelivered be tho ttapxmittihgt drgenna is
present i nvention, which may be used in_the field of )
waxingised,| andithg, Pioposia ©obrihahpenver hwhighygpes detor the desired
ﬁf &hedesi red.fr.e%tjenci es are substantially equal at

R FEEE N 1AM he receiver is at maxi mum range,

the total power delivered to the transmtting antenna

is maxi m sed, and the proportion of that power which
Aceaxdiny otd hthedegiesar finesiRngi eseres ismprovided. an optimised
According to the present invention, there is provided
miltirquensy cleeiremagraligesigpak igosmutesy byt arc asfegna) the signal

TR P
I%EBF I etHa@téu%taﬁ%iﬁfg\éE%ﬁ%l %ﬁﬁ@@itﬁﬁé'ﬁhw S9U&h frequency are

anplitude rat1os o requency are recelved

febeivea sehetethel recéil enXdt MdRifrang angdd) ¢hd tall pdodein the desired

t he desired harnonic frequencies being the naxin sed

haropmic frequencieh beimgxthernzadmpsedepropettioneo fithieanaxinibed power
' tionally, the present

ransm.tti ant enna.
éﬂv&m'&e#%ﬁw%%% €fR&ed in that the antenna

Optionally, the present invention may be characterised in that the antenna
current takes on the values =+ I, only, to maximise the total power delivered to

the transmitting antenna. This results in a longer signal range.

Optionally, the present invention may be further characterised in that the two or
more desired frequencies are all harmonics of one frequency, and that the
signal is periodic in time with the period of the fundamental, to simplify signal
synthesis.

Optionally, the present invention may be further characterised in that when the
transmitting antenna is capable of radiating a circularly polarised rotating field
the desired harmonic frequencies are all odd harmonics, to ensure that the

polarisation of each desired harmonic frequency rotates.
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current takes on the values Imax only, to maxi m se the

total power delivered to the transmtting antenna.
wohie/osewal ts in a | onger signal range. Opti onaCirAGB2006®00282

present invention may be further characterised in that

the two or nore desired frequencies are all harnonics

of one frequency, and that t4¢e signal is periodic in

time with the period of the fundanental, to sinplify

signal synthesis. Optionally, the present invention
OpiipnpBy f thetpvesend h@‘f%ﬁmrma}ééeifnrthhlachmms&tbin that the signal

fransm tting antenpa.i §.capabl.e.of radiatjing.a. )
CRmPEIFLITGe 6 ITApTe-Ua g GG fiefluendies akgPiimised amplitude
rﬁﬁk"onic frequencies are all odd harnonics, to ensure

that the polarisation of each desired harnonic

frequency rotates. Optionally, the present invention

may be further characterised in that the signal
Acooyling o thother aispedr ef dbsipreseritamveniion,f tlege escpresided a

of optim sed anplitude ratios. According to another
H&’él&cgpf Proqurang pasentimisad aneltidrequeney eldcopragnetie gignal, the

AP ¥ oes i Sblaing o Bhis Tl Eebispiii pgatneters using a
o L : I . i .
e o R et DTISNc Ay M SBOPIE s PORRTAR D iflehtne o
seti ghddsitednzarmmmic fieqdetdesnbptinaliyeduietl dedbgdty at a site, and
harnoni ¢ frequencies optimally suited for logging at a -
swifghle aampliwdemabios f&ﬁﬁﬁ@ td;atre% darswniodraguenclesi ard using a
har ic freguencies: and using,a transm.tter.to .
hfHRE 9 BRONSE S SwgrliPRptomE Ho thpaPhIust Siggabeencrating

pRRRRELI Ng paranmeters.

The signal generating parameters may comprise current direction switch times,
signal period and number of current direction switch times per period. The
parameter values may be obtained by iterative refinement of an initial standard
parameter set, by comparison of the signal which would be produced by an
antenna operated under those parameters with the ideal optimised signal. The
choice of initial standard parameters depends on the nature of the site and
required signal and in particular cases different choices may have to be tried

before obtaining a covered solution set of parameters.

This method may incorporate a two step process, in which the first step
comprises choosing an initial set of switching times and other parameters,
perturbing the switching times and then adjusting the switching times
iteratively to obtain a trial signal having substantially optimal amplitude ratios
of the desired frequencies, and the gcicond step comprises increasing the total
signal power to obtain a trial signal having the maximum possible amplitude

for the highest desired frequency, within the operating limits of the transmitting
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The signal generating paraneters may conprise current
direction switch tines, signal period and nunber of
wounremse37di rection switch tinmes per period. TheCT/GB2006/000282
par anet er val ues may be obtained by iterative

refinenent of an initial stagdard paraneter set, by
conparison of the signal which would be produced by an

ant enna operated under those paraneters with the ideal
s9Bteintl while shainelining e CAiRpligidef rakidh tdfathe SdeBRtEd b quencies by
par anet ers depends on the nature of the site and
adgegiinenti of signall geachting praamictars.ar cases di ff erent

choi ces may have to be tried before obtaining a

covered solution set of paranmeters. This nmethod may

h G a S roQcess, in ich the firfst .
QA o i, JuRAC P AR TRRTY b8 e e, omprise
, , . !
e Bl Bt R Al e 14 opEing i or al
aft ehatknmby site qlar@inetess taridal coshlgindlg Nhyi fidormation with the
substantial |y optimal anplitude ratios of the desired
transguacTecsives wdfsehiengdrandimadsed signal bekaviiper toaddtexmine a
the total ;signal, power. to obtgin a tri.al,signal havin
hot feite S BE rBRERcien RrtRaly shited £5n] et audss 1o and
: h <t i ah'rﬂg L1 Al t.t he
lgﬂr%%ns t?l%ﬁ Pﬁg%@gsbtfgﬁﬁ@v\%%?%ﬁﬁ{m n 3:1 %ﬁlﬁgﬁ?r%féesénpl i tude
rati os of the desired frequencies by adjustnment of

si gnal generating parameters. Optionally, the nmethod
e prasept Byention alserextendsntoy theuwsechef ae oppiniised or substantially

TR N e
us1 ot . C ‘

BRE SR, B B 0 i Rl bl RrdclCo detemming togpigoence

diernfure ¢ fERbIH dbitAning hydrocarbons or water.

The present invention also extends to data and results obtained from the use of
an optimised multifrequency electromagnetic signal for the method of sea bed

logging.

It may be desirable to apply signals with these characteristics, obtained using
the optimisation method described, within other fields not related to marine

controlled source electromagnetic sounding.

The method for obtaining optimal signal generating parameters is now
described, and an example given. The antenna current function X(#) shall have

the properties

(1.1) I(t+T)=1(¢) , [I(z)=1,

max ?

I(¢) real
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set of desired signal frequencies optimally suited for
| ogging at the site, and ideal anplitude ratios for

woheosthesi7e ed har noni ¢ frequenci es. The present PCT/GB2006/000282

i nvention also extends to the use of an optin sed or
substantially optimsed nult i6f requency el ectromagnetic
signal for the purpose of obtaining data by the nethod
of sea bed logging, in order to determ ne the presence
and/or nature of a reservoir containing hydrocarbons
or water. The present invention also extends to data
where dsyl iss thbtmaxied rvatue hef dse cvirean 8¢ idiveledthe interval
mul tifrequency el ectromagnetic signal for the method
B sedabetb LNqwitsdy the pemts b mesl ,2abl2d + 4, appigfine
signals with these characteristics, obtained using the
opti m sation nethod described, within other fields not
related to marine controll ed;soyfge el ectromagnetic
soundi ng. The ngj,hod for obt 4 ng lepthil idghal

enerati ng pghaneyers is (Aew described, and an exanpl e
8].2)3n. The a ?egamgzrréﬂg? f uncti on I(j) shal | have
the properties (1.1) I(t T)

(1) UFReoh L1 (
realwhere / max is, th Xi mum_val ye Qf the current.
We divide the intert‘véﬁ’ '”*éNt—tZ]ZJrfi’ #ﬁb‘ Nparts by the
points tm n¥l,2,...,2N 1, and define Symmetry
consi derations show that we may require the tnto

Setiraétyy cénsideratioRdNsiovwFHat We mafireljui?e the #,No satisfy

(1.3) tyyor =T —1

m ?

m=12,....N

and still obtain optimum performance. In this case, the signal is fully

determined by the first N values of #,., and we have

n=0 0
—_{— N N-1 i
(1.4) =Imax’iT l—(z—l)—+2(—l)m cosnt, |, n>0, i, =0.
n m=.
é’in o m_l,4Imax L
P =(-1) - sinnt,

The i, are all real valued, and we have » > =212 . We want a selected set of
1

the i, to be in prescribed ratios, i

n,

=1, » ¥=12,...,N, while their absolute

values are as large as possible. The iy may not be arbitrarily chosen, since we

must have



10

15

20

25

and still obtain optimum performance. In this case,
the signal is fully determ ned by the firstNval ues of

wonoge/amizwe have - = (-1) - m-si nt The L apreTaid2006/000282

real valued, and we have = 21 .We want a sel ected set
of 1 the to be in prescribedyratios, i = qgB, r =1,
2, ...,N, while their absolute values are as |arge as
possi ble. The may not be arbitrarily chosen, since we
t haveN (1.5) S 2 W therefore nmake the
(Eginsfornation (1.6) w%ih 521 Q tf, 0< <2
where Kis to be detern1ﬁéd vwen the 0O are given,
vaqhéﬁﬁﬁeqP ﬂﬁ%ﬁ% K beyond which there is no
sol ution own that a solution always
exists for a suff|C|entIy smal | value of K A suitable
starting value of K nmay be found by trial and error.
(Mt , starting Ypl-ues-ipf , rreBee..dhpdenk Jhi s choice is
nore or |ess arbltrary, and in particul ar cases,
di fferent choices may have to be tried. After
calculating the in, the gradient relatlon in( 1.4) is
wierg K & tq bridefsrimined. Mﬁh@hﬁm io ¥ gm%g ereiip agnaimyrg value

(ﬁfg %ga f Wélﬁ%h thfree];s 11100 S(t)lrljl?l %181535 qusﬁgvnt ﬁ,?t a solulglon always

exists for a sufficiently small value of K.

A suitable starting value of K may be found by trial and error. Next, starting
values of ¢, are chosen. This choice is more or less arbitrary, and in particular
cases, different choices may have to be tried. After calculating the i,, the
gradient relation in (1.4) is used to find how the #, should be changed in order

to bring the i, closer to their desired values. We solve the equations

N, i, )
A, =i, —i , r=12,...,N
m—lﬂt . -

(1.7)

for the 4¢,,, and choose new values of 7,,, setting
(1.8) t, >t +a-A,

where the constant & < 1 is chosen so as to ensure convergence. This process
converges quickly, or it diverges if K and/or #, are ill chosen. Having found a
solution for the chosen value of K, we wish to make K as large as possible,
while keeping the ratios of the harmonics constant. We therefore repeat the
process with a larger value of K, and continue until divergence. The limiting

values of K and #,, determine an optimum signal.
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for the Ditm and choose new values of tm setting
(1.8) tmtma- mwhere the constant a < 1 is chosen so

waG6msEIT1suUr e convergence. This process conver BE$/GB2006/000282
quickly, or it diverges if Kand/or tn are ill chosen.
Havi ng found a solution for ghe chosen value of K, we
Wi sh to nake K as | arge as possi ble, while keeping the
rati os of the harnonics constant. W therefore repeat
the process with a |arger value of K and conti nue
until divergence. The Iimting values of K and tm
Beimplel Neoranlishig the i), si, gha) [TExaasee. Normal i sing the
tm tmtm T, we set 0 1 = 0.118 /02 = 0.259 104 =
1.000 = 1.000 = 0.5 We choose the initial values
=0.886 2 = 1.770 4 = 2.656 Optimzing the "t"s, we get
the values i = 1.05702=9.11&55

iz =0.259
ioa=1.000
K=1.000
a=0.5

‘We choose the initial values

h= 0.886
t,=1.770
= 2.656

Optimizing the “#’s, we get the values

t, =1.057
tp=1.755
14 =2.446

The efficiency, defined as the fraction of the total power that goes into the
desired harmonics, is 54 %. Testing for convergence, we find that the

maximum value of K is 1.187. For this value, we get

11 =0.949
t=1.527
4= 2.276



=2.446 The efficiency, defined as the fraction of the
total power that goes into the desired harnonics, is
wb62000083Bst i ng for convergence, we find that tReT/GB2006/000282
maxi mum val ue of Kis 1.187. For this value, we get
=0.949 2 = 1.527 = 2.276The ®fficiency is 76 % and
the ratios of the harnonics are hli A 0.1175 The shape
of the optinumsignal is, sho in Fig. 1. The optimm
Thalefcicney in/are sk the ARt t ei%fPPgl%éF‘ﬁut ation of
the "f's does not change the shape of the signal,
causing only a translation in tinme, but no change of
the powers of the ingjwu gyalysharnonics. Al so,
i nversion of the sequence of "f s has no effect on the
harnoni ¢ powers. |n #/@act0.2509S(i) is an optinmm
signal, S( t +t) is also an optinum signal for any
value of t.Clains 1. An optim sed multifrequency

lectro neti ¢ signal t.ransm t.t an antenna, the
’1’31 gpe @ %&ﬁ?@ﬁ“ﬁ‘&“%%gn@rls %ﬁ?@%’é?ggg}\é har noni ¢
frequencies of optimsed anplitude ratios such that
substantially equal anplitude ratios of each frequency
BeCoptBARINVEAuaS ofl2) AEaioY BhiquehAncidie peraritation bbthet“s’s does
maxi'mum range the total power in the desired harnpnic
ot eharge s shapen of the sigaal, whssidg prdper trasalden dmdime, but no

cglgglg%n ﬁ?{?ghep%\gsvrerg ecltJ ‘\c/h%r ?nkgi\?idhgl %gsmgﬁfacgs rthsg,l ‘¥ersion of the

sequence of “’s has no effect on the harmonic powers. In fact, if S(7) is an

optimum signal, + S( & ¢ + 7) is also an optimum signal for any value of 7.
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2. An optimsed nultifrequency signal as clained in
Claim1l, characterised in that the antenna current

woabkepsmT2t he values [ Monly, to maxi m se theprPCoOiGH2006/000282

power delivered to the transmtting antenna. This
results in a longer signal range. 3. An optim sed
mul ti-frequency signal as cl¥nmed in daim1l or Aaim
2, characterised in that the two or nore desired

¢];%§g§|enci es are all harnonics of one frequency, and

the signal is periodic intinme with the period of
the fundanental, to sinplify signal synthesis. 4. An
optim sed nulti-frequency signal as clained in any
hr ec efth nptidhisednmulhidregatedy skdtromalghatic Wil tthaismitted by an
transmtting antenna is capable of radiating a )
aitenng, dhe yigvel gompstsing twoi orgmbre Iddsiréd hdemopnisdfrequencies of

SRBE SIS 16F Sabadar e Ry RIS o of
éa%ﬁoﬁ‘f‘cﬂi%)ﬁcg Yr8UB8eivad "% PREIVEL .S%eg{hé'réééi@gtu %Y maximum
signal "as Tlarned in any precedi ng arm

1215¢ 81 ©tdlgRAvdrintthaldebi@l Bardietic FRIGIELSIES beltoeMehaximised
nore desired harnonic frequencies of optimse

rropbitondd thamasmisedpomeihtativetabpe oalthe tognsamitting amesed

mul tifrequency el ectromagnetic signal, the nethod

conpri sing obtaining optinm sed signal generating

ara ' . itter.receiver .off,set .length .
B 0% SRS Ay LAY Bl LR R LIERY 2 Spfblericea
idahht 0d MR Erddt QAN 8% @aq&émmyoxgg,' E@Hxaﬁcﬁﬁ?e the total
l ogging at a site, and suitable anplitu ratiros for
pdveerddadiveeet] harthertransmitting antenna. This results in a longer signal

range.

3. An optimised multi-frequency signal as claimed in Claim 1 or Claim 2,
characterised in that the two or more desired frequencies are all harmonics of
one frequency, and that the signal is periodic in time with the period of the

fundamental, to simplify signal synthesis.

4. An optimised multi-frequency signal as claimed in any preceding Claim,
characterised in that when the transmitting antenna is capable of radiating a
circularly polarised rotating field the desired harmonic frequencies are all odd
harmonics, to ensure that the polarisation of each desired harmonic frequency

rotates.

5. An optimised multi-frequency signal as claimed in any preceding Claim,
characterised in that the signal comprises three or more desired harmonic

frequencies of optimised amplitude ratios.
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frequencies; and using a transnitter to produce a

signal according to the optim sed signal generating
woaommstees. 7. The nethod according to C ai m 8CT/GB2006/000282

characterised in that the nmethod conprises nodelling

the site to be investigated 1through sea bed | oggi ng

usi ng known site parameters and combining the

information with the transmtterreceiver offset length

@nd nodetthed of gnadudietani optimissddmudtifregrengy selectspmagnetic

desired signal frequencies qQptimally suited f.or .

g nireatmathad; ccorpgsiag; tog)éﬁ‘@l%pgp@’%séa atigal fggnerating

the desired harnpnic.fre |.e : :

%?}??tgm i8S % &aﬁﬁ@%‘%}r %%?\I? éfrr _égfﬁ%n (1:(3}&2? e CE r gﬁn%(ger%lg & glgnal

R PRur 36 detdhilRE al dbt 3T eSiredChaitiBnit fréqdenciedroptiigally suited

purpose of obtaining data by the nethod of sea bed )

fopdoggiag atna sitdeand cuitabler amphtudeeratiosstoncthe adagired harmonic

nature of a reservoir containing hydrocarbons or ..
fiequencies; andeusifigaa afignsasiar g fedl S qperdjag to the

of . an optimsed | tifregyency el ectromagnetic signal
QRiupISg ﬁ’&m BTG lﬁgpﬁaﬂ%s’l to 5 for the method of

sea bed | oggi ng.

7. The method according to Claim 6, characterised in that the method
comprises modelling the site to be investigated through sea bed logging using
known site parameters and combining the information with the transmitter-
receiver offset length and modelled signal behaviour to determine a set of
desired signal frequencies optimally suited for logging at a site, and suitable

amplitude ratios for the desired harmonic frequencies.

8. The use of a substantially optimised multifrequency electromagnetic
signal as claimed in any of Claims 1 to 5, for the purpose of obtaining data by
the method of sea bed logging, in order to determine the presence and/or nature

of a reservoir containing hydrocarbons or water.

9. The data and results obtained from the use of an optimised
multifrequency electromagnetic signal as claimed in any of Claims 1 to 5 for

the method of sea bed logging.



