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1 Optimum Multifrequency Electromagnetic Signal for Sea Bed Logging
Many logging processes use electromagnetic signals to transmit or obtain
information. One example of this is the use of electromagnetic waves in
sea 5 bed logging, a special application of controlled source
electromagnetic sounding developed by ElectroMagnetic GeoServices of
Norway. In one application of this process, an electromagnetic wave field
response can be used to determine the presence and/or nature of a
resen@ptuootinhd tifddoy s et emagneticaSigostfibelea Besdpegming
Patent No. 1256019. In electromagnetic sea bed logging, a number of
types of transmitter signal shapes have been employed, including
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production of images from Iog%ed data can be 15 considerably improved
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particular desired frequencies can be used. 20 The present invention
relates to an optimised multifrequency electromagnetic signal which
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obtaining such an optimised signal by selecting the parameters controlling

thee URpekIqydeieratine. e pasensaendlimetierdaigsrMyie tainirg
sw%rr%gg%gﬁs %Vp{ﬁgtgﬁne{?'&e%gribed in European Patent No. 1256019.

In 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
obtaining 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¥2. The



10

15

20

25

odd multiples of the fundamental frequency. However, for square waves

the amplitude of the nth harmonic frequency is proportional to n 1,

whereas the " attenuation along a particular path is typically proportional

to n2. The 2 signal/noise ratio at the receiver for higher harmonic
frequencies is therefore relatively low, resulting in lowered quality of

results from the inversion of logged dat& 5 Alternatively, a periodic
sequence of short pulses of antenna current may be used to produce the
sigigarnlpnoidirajinatnibeiscaiviiefonhighitdthsigoai wifrequenpiesisniergtore

/pull idth hh ic f being of litude, .
e LR U R G e e e S
vadigjelingataresulting in low power in the harmonics of such a signal. 10

Signal generating parameters required for the production of an
electromagnetic signal comprising two or three desired frequencies of
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resulting.in low signal/noise ratjos %%ége receiver for some parts af the
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substantial part of the time, with the result that both the total transmitted

poaicaey v povies ctrsudited to ko pevierdséohfrenasinses rickoa signal.

less than what could be obtained from an optimal signal.
Signal generating parameters required for the production of an electromagnetic
signal comprising two or three desired frequencies of high and equal
amplitudes, of use within the field of sea bed logging, are known. However, as
described above, the degree of attenuation of the signal between transmitter and
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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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 25 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 ordeBto improve the quality of the

logged data at any given range. Therefore, an optimised signal in the
c@ie&ired)ﬂaeqeresiemaim/wmmnmmnheqw 3¢ thsecedaives fididrotedeceiver is

|s one for hthe am I|t ratios of the 3 desir
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maximised, and the proportion of that power which goes into the desired

fr@'@ﬁ’é‘ﬁﬂi@@ﬁéﬁwﬁﬁ%ﬂ@éﬂd&') According to the present invention, there is
provided an optimised multifrequency electromagnetic signal transmitted

by an antenna, the signal comprising two or more desired harmonic
fréqeendiag oftopttihmsepreseptituniyerdios, subkrhatisulpstandatly emuabptimised
amplj que ratios of each freguency are 10 received f}/i\]/hen the receiver |
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the transmitting antenna. Optionally, the present invention may be
cmam@teawéuﬁh%aubﬁwﬁ@im&wbmmhw@wmqwmaéb figguency are

PReel Wér%‘fh@?etcoetﬂf' et 91 %ﬁﬁﬁ%t‘r’aﬁﬁg,t{ﬁg%&gf‘B%\ﬁE‘F‘%H'}%e desired
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harmonic frequencies being the maX|mised proportion of the maximised power

deliverable to the transmitting 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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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 20 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 fild 25 the desired harmonic
frequencies are all odd harmonics, to ensure that the polarisation of each

d&ypteaniatiym thepiiesgné micyeniiare snay Optiortaty ahar aetesesedinvdhebithe signal
may be further characterised in that the signal comprises three or more .
ST SR BIRR. R e P DT G R S5 OB TG argplituce
togieiher aspect of the present invention, there is provided a method of

producing an optimised multifrequency electromagnetic signal, the
method comprising obtaining optimised signal generating parameters

: o . lenat . Lbehavi _
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loggithgetcf sitedaonhd e uitaidhel sedptitutief redicenty tectiesitegneticrsigital, the
frequencies: and usin%zf{q transmitter tp é_(é(juceasi%\al according to the .
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and number of current direction switch times per period. The parameter
v&Rieaf ralagi sl distemenl bjrratenetecenntimaHy uitechiiedl kgatig @t a site, and

PRIRASHE arib Y G PRATS B OfHE SR PEY KT ONMRL A B BIRTEECEY using a
transmitter to produce a signal according to the optimised signal generating

parameters.

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 second 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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antenna operated under those parameters with the ideal optimised signal.

The choice of initial standard parameters depends on the nature of the

site and 20 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 switéhing times and other parameters,

25 perturbing the switching times and then adjusting the switching times
itesestiorsly wehalietaina o taisili sy e remplet std setmiof dpendabuathfradeencies by
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maximum possmle amplitude for the highest desired frequency, within the

operating limits of the transmitting 5 system, while maintaining the
amﬁntga@llaand%f fRetaedired fidgudrerRse byl yERHaRe MY s.fgwmer comprise
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ratios for the desired harmonic frequencies.”10 The presentinvention also
extiealismplHedseatipafapheidesired sisBIaAtRAMEbisNEIeSd
multifrequency electromagnetic signal for the purpose of obtaining data
by the method of sea bed logging, in order to determine the presence

The present invention also extends to the use of an optimised or substantially
optimised multifrequency electromagnetic signal 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.

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 I(t) shall have

the properties

(1.1) L(E+T)=1(t) , [1(t) =1, 1(t) real



and/or nature of a reservoir containing hydrocarbons or water. 15 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. 20 It may be desirable to apply signals with these
characteristics, obtained using the optimisation method described, within
other fields not related to marine controffed source electromagnetic
sounding. 25 The method for obtaining optimal signal generating
pavhetetdrs,isifothedsszxibadnavdlar exdfatigeayivient. Théearttibnde the interval
current f nctlon t) shall hav h roperties ) I&w i(t) , é(g) 'max ,
& e R B b B Coallc e Srbr: B08 SRREE e
interval 0<t< 2 rinto 2N parts by the points tm, m=1,2,...,2N- 1, and
define 2N -1)m-1 Imax for tm-1 <t<m (1.2) (t) 11 Im(t) Im(t) M-1 O else
t0=0,tm+2N=tm +T ,tm-1<tm 58S mm poanrat@ﬂ%{show that
m

we may requwe‘ t ?iai ]qi =T-tm , m=1, 2 ,N"10 and
st{li ghtain optimu termnthig case, the Slglnal IS fuIIy
else

ty=0, t =t +T <t

' m -1 =
Symmetry considerations show that we may require the t, to satisfy

(1.3) . =T—t , m=12..N

m !

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

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

2. .27 :
t)=) i sinnt, i =— I smnt-dt:
) zn 210y
4 |1- = .
(1.4) =1 — +Z )" cosnt,, [, n>0, i,=0.
nT o
ﬁ:(—l)m_1 s i nt,
ot /4

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

the i, to be in prescribed ratios, i, =i,, , r=12,...,N, while their absolute

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

must have
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determined by the first N values of t,., and we have z [(t)=I]insinnt,
in=1JI(t)sinntdt= n=00 N N-1(1.4) Im4 1 1~ +1] (-1)mCosntm n>0, i0=0.
NT 2 m-1 1~1L m-1 41 Oita -1~ max . sin ntm m 15 The i" are all real
valued, and we have ~in = 2lmax . We want a selected set of the i, to be
in prescribed ratios, in,=ion, , r = 1, 2,..., N, while their absolute values are
as large as possible. The io may not be drbitrarily chosen, since we must
have 20 7 N (1.5) Yin 212 .=1 We therefore make the transformation (1.6)
iopk =4 Kion', r=1,2,...,N, 0<K<2 5 {here 545 to be determined. When the
io\are/given, there is a maximum v i) - of weyond which there is no
solution. It may be shown that a solution always

We therefore make the transformation

(1.6) i, > K-igy + F=12,.,N, 0<K <2

where K is to be determined. When the i, are given, there is a maximum value
of K beyond which there is no solution. It may be shown that a solution 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 t, 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 t, should be changed in order

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

N A o
(1.7) > A =i, i, , r=12,..,N

m=1 m

for the At,,, and choose new values of t., setting

(1.8) t ot +a-A,

where the constant « < 1 is chosen so as to ensure convergence. This process
converges quickly, or it diverges if K and/or t, 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 t,,, determine an optimum signal.
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exists for a sufficiently small value of K. 10 A suitable starting value of K
may be found by trial and error. Next, starting values of t" 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 t" should be changed in order to bring the
i, closer to their desired values. We solv8 the equations 15 N (1.7) 1
A.=ton,-i,, , r=1,2,...,N m=1 otm for the Atm, and choose new values of
tneanple. Rohd)sngitheta 1 AM yliErewheseionstant a < 1 is chosen so
as to ensure convergence. This process converges quickly, or it diverges
if K and/or t" are ill chosen. Having found a solution for the chosen value
of K, we wish to make K as\ﬁégg 85 gssible, 25 while keeping the ratios
of the harmonics constant. therefore repeat the process with a larger
value of K, and continue untilgivedg@se. The limiting values of K and tm
determine an optimum signal. 8 X§Hbole. Normalising the tm, tm -* tm IT,

we set ioi = 0.118 02 = 0.2594 5 i©4%1.000 K = 1.000
K =1.000
a=05

We choose the initial values

t; = 0.886
t,=1.770
ty= 2.656

Optimizing the “t”’s, we get the values

t; = 1.057
th= 1.755
t, = 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

tl =0.949
t, = 1.527
t, =2.276
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a= 0.5 We choose the initial values 10 ti = 0.886 tz=1.770 t4=2.656 15
Optimizing the 'T's, we get the values ti = 1.057 tz=1.755 t4 =2.446 20
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 25 ti = 0.949 tz =
1.527 t4 =2.276 9 The efficiency is 76 %, and the ratios of the
harmonics are iili4 = 0.1175 izli4 = 0.2599 5 The shape of the optimum
sighaldftenay its 15 %4, aritetbetiaiios okthehafmanienateunique. A cyclic
permutation of the 'T's does

i1/i4 =0.1175

/iy = 0.2599

The shape of the optimum signal is shown in Fig. 1.

The optimum values of t, are not unique. A cyclic permutation of the “t”s does
not change the shape of the signal, causing only a translation in time, but no
change of the powers of the individual harmonics. Also, inversion of the
sequence of “t”s has no effect on the harmonic powers. In fact, if S(t) is an

optimum signal, + S( £t + 7) is also an optimum signal for any value of .
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not change the shape of the signal, causing only a translation in time, but
no 10 change of the powers of the individual harmonics. Also, inversion of
the sequence of 'T's has no effect on the harmonic powers. In fact, if S(t)
is an optimum signal, S( t+ z) is also an optimum signal for any value of
z. 10 Claims 1. A method of producing an optimised multifrequency
electromagnetic signal, the method corfrising obtaining optimised signal
generating 5 parameters using a transmitter receiver offset length and
miothdtiesl signal behaviour to determine a set of two or more desired
harmonic frequencies optimally suited for logging at a site, and suitable
amplitude ratios for the desired harmonic frequencies such that

substantlinegie] anpisuleTagosPbRsistevRINGTagRdROp WstBbMagnetic
receiver when the receliver is at maximum 10 range, the total modelled )
p&le8aln theedeBirtnashrremBrisdaderRitainiiag MrtiniskMiségnal generating
p[@d?ﬁFHQ_{ér%f S h 2SR RANPT ek Pbé?fé%ﬁh@ﬁ@ﬂs %‘“&?ﬁleued signal
antenna; and using a transmitter to produce a signal atcording to the
opemaseolIsignalegermenating setrarhdvecs ot Sn20rEhdetiettotiarocondindreguencies
Claim 1, fharactﬁrigedtjn that the method co gris s, modelling the site t

36 it
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and modelled signal behaviour to determine a set of "desired signa _
fregeiefeassiontnany seaidgdrdbggiegeiver sweanthsuiggsiyepds at maximum

amplitude ratios, for t | rmonic.f ies. 3. fo .
B T DS SRR AL g
maximised proportion of the maximised power deliverable to the transmitting
antenna; and using a transmitter to produce a signal according to the optimised

signal generating parameters.

2. The method according to Claim 1, 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.

3. A method of obtaining data by sea bed logging, in order to determine the
presence and/or nature of a reservoir containing hydrocarbons or water, which
comprises transmitting an optimised multifrequency electromagnetic signal
transmitted by an antenna, the signal comprising two or more desired harmonic
frequencies of optimised amplitude ratios such that substantially equal
amplitude ratios of each frequency are received at a receiver when the receiver

IS at maximum range, the total power in the desired harmonic frequencies being
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presence and/or nature of a reservoir containing hydrocarbons or water,
which comprises transmitting an optimised multifrequency
electromagnetic signal 25 transmitted by an antenna, the signal
comprising two or more desired harmonic frequencies of optimised
amplitude ratios such that substantially equal amplitude ratios of each
frequency are received at a receiver whéh the receiver is at maximum
range, the total power in the desired harmonic frequencies being 11 the
rrﬂmiminemimispdrtipmpmtiemnaofmihed paxenisetivepalertodabverable to the
%nsmlttlrﬁmnt%nna 4. A method as claimed in Claim 3, characterised in
gty AR rrent takes on the values IM only, to maximise the
total power delivered to the transmitting antenna. This results in a longer
ignal range. 5. A method as claimed in Claim 4, characterised in that the

or mﬁemaﬂédaﬁe@i@éﬁerég raré?halrnaan&h@r@@ﬁeéﬁéché@uﬁﬁéyt@nantenna
AReHER '8n1c PIARAL Itlibﬂ?ﬁaume g%?ég‘ﬁfgﬂam&ﬂa%mred to

S|mp sigha synt esls. as o

chiagetctasrattinglaatemnen fﬁastreslslmsmm lantgrrsaagratapagke of
radiating a circularly polarised rotating field 15 the desired harmonic
frequencies are all odd harmonics, to ensure that the polarisation of each

desired harmgfie dras ¢ AR R Stalm MERRRE RFiSEIMe thiat ¢RIEVS or more

characterised in that the signal comprises three or more desired harmonic
freqeisedibeanentiegsye abhhrtmenses rafiese frequency, and that the signal is

periodic in time with the period of the fundamental, to simplify signal

synthesis.

6. A method as claimed in Claim 3, 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.

7. A method as claimed in Claim 3, characterised in that the signal
comprises three or more desired harmonic frequencies of optimised amplitude

ratios.



