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Description 

RELATED  APPLICATIONS 

[0001]  The  subject  matter  of  this  application  is  related 
to  subject  matter  disclosed  in  U.S.  Patent  Application 
Serial  No.  848,621  of  T.  Habashy,  R.  Taherian,  A.  Du- 
mont,  and  J.  Beren,  and  European  Patent  Application 
93400558.8  filed  on  March  4,  1993.  The  subject  matter 
of  this  application  is  also  related  to  subject  matter  dis- 
closed  in  European  Patent  Application  0  516  525  pub- 
lished  on  December  2,  1  992. 

FIELD  OF  THE  INVENTION 

[0002]  This  invention  relates  to  logging  of  earth  bore- 
holes  and,  more  particularly,  to  a  method  and  apparatus 
for  logging  using  electromagnetic  energy. 

BACKGROUND  OF  THE  INVENTION 

[0003]  The  measurement  of  dielectric  constant  (or  di- 
electric  permittivity)  of  formations  surrounding  a  bore- 
hole  is  known  to  provide  useful  information  about  the 
formations.  The  dielectric  constant  of  the  different  ma- 
terials  of  earth  formations  vary  widely  (for  example,  2.2 
for  oil,  7.5  for  limestone,  and  80  for  water),  so  measure- 
ment  of  dielectric  properties  is  a  useful  means  of  forma- 
tion  evaluation. 
[0004]  A  logging  device  which  measures  formation  di- 
electric  constant  is  disclosed  in  the  U.S.  Patent  No. 
3,944,910.  The  logging  device  includes  a  transmitter 
and  spaced  receivers  mounted  in  a  pad  that  is  urged 
against  the  borehole  wall.  Microwave  electromagnetic 
energy  is  transmitted  into  the  formations,  and  energy 
which  has  propagated  through  the  formations  is  re- 
ceived  at  the  receiving  antennas.  The  phase  shift  and 
attenuation  of  the  energy  propagating  in  the  formations 
is  determined  from  the  receiver  output  signals.  The  di- 
electric  constant  and,  if  desired,  the  conductivity  of  the 
formations  can  then  be  obtained  from  the  phase  and  at- 
tenuation  measurements.  Measurements  are  typically, 
although  not  necessarily,  made  on  the  formation  invad- 
ed  zone.  Two  transmitters  are  generally  used  in  a  bore- 
hole  compensated  array  to  minimize  the  effect  of  bore- 
hole  rugosity,  tool  tilt,  and  dissimilarities  in  the  transmit- 
ters,  receivers,  and  their  circuits.  [See,  for  example,  U. 
S.  Patent  No.  3,849,721.] 
[0005]  The  antennas  shown  in  U.S.  Patent  No. 
3,944,910  are  slot  antennas,  each  having  a  probe  that 
extends  across  the  slot  in  a  direction  parallel  to  the  lon- 
gitudinal  direction  of  the  borehole.  This  configuration 
has  become  known  as  a  "broadside"  array.  U.S.  Patent 
No.  4,  704,  581  describes  a  logging  device  of  similar 
type,  but  wherein  the  slot  antennas  have  probes  that  ex- 
tend  in  a  direction  perpendicular  to  the  longitudinal  di- 
rection  of  the  borehole.  This  configuration  has  become 
known  as  an  "endfire"  array.  The  endfire  array  exhibits 

a  deeper  depth  of  investigation  and  is  less  affected  by 
tool  standoff  (e.g.  from  mudcake  or  poor  pad  contact) 
than  the  broadside  array.  On  the  other  hand,  the  broad- 
side  array  exhibits  a  stronger  signal  characteristic  than 

5  the  endfire  array  and  may  be  preferred  in  relatively  lossy 
(low  resistivity)  logging  environments. 
[0006]  A  logging  device  which  utilizes  the  teachings 
of  the  above-referenced  U.S.  Patents  Nos.  3,944,910 
and  4,704,581  is  the  electromagnetic  propagation  tool 

10  ("EPT"  -  mark  of  Schlumberger).  A  so-called  adaptable 
EPT  ("ADEPT")  can  provide  either  broadside  operation 
or  endfire  operation  during  a  given  logging  run,  depend- 
ing  on  conditions.  The  ADEPT  logging  tool  has  two 
changeable  pads,  one  containing  a  broadside  antenna 

is  array  and  the  other  an  endfire  antenna  array. 
[0007]  EP-A-0  474  554  teaches  an  antenna  configu- 
ration  for  the  EPT.  A  transmitter  and  receiver  are  dis- 
posed  on  a  first  longitudinal  axis  and  a  second  receiver 
is  disposed  on  a  second  longitudinal  axis.  The  second 

20  longitudinal  axis  is  displaced  azimuthally  by  an  angle 
from  the  first  longitudinal  axis. 
[0008]  FR-A-2  613  842  illustrates  a  well  logging  de- 
vice  suspended  in  a  borehole.  The  device  contains  a 
pad  having  a  linear  array  of  antennas. 

25  [0009]  Existing  electromagnetic  propagation  logging 
techniques  provide  measurements  of  dielectric  permit- 
tivity  and  conductivity  as  a  function  of  the  single  dimen- 
sion  z,  where  z  is  distance  measured  along  the  longitu- 
dinal  axis  of  the  borehole.  It  is  well  known  that  the  elec- 

30  trical  properties  of  the  formations  intersected  by  a  bore- 
hole  are  not  azimuthally  invariant.  Dipping  or  fractured 
beds  and  other  heterogeneities  such  as  vugs  or  local- 
ized  washouts  generally  cannot  be  characterized  by 
one-dimensional  measurements. 

35  [0010]  It  is  among  the  objects  of  present  invention  to 
provide  improvements  in  electromagnetic  propagation 
logging  techniques  that  will  permit  obtainment  of  azi- 
muthal  measurements  of  dielectric  constant  and  con- 
ductivity. 

40  [0011]  It  is  also  among  the  general  objects  of  the 
present  invention  to  provide  improved  techniques  and 
equipment  for  the  accurate  determination  of  properties 
of  subsurface  formations  using  electromagnetic  energy 
having  a  magnetic  dipole  characteristic. 

45 
SUMMARY  OF  THE  INVENTION 

[001  2]  Applicants  have  devised  a  two-dimensional  ar- 
ray  of  slot  antennas  which  can  provide  two-dimensional 

so  quantitative  dielectric  and  conductivity  images  of  forma- 
tions  in  the  region  surrounding  the  borehole.  By  obtain- 
ing  measurements  over  a  two-dimensional  array,  and 
then  using  known  log  interpretation  techniques,  one  can 
obtain,  for  example,  two-dimensional  maps  of  water- 

55  filled  porosity. 
[0013]  Two-dimensional  arrays  of  electrodes  have 
been  previously  used  to  obtain  two-dimensional  con- 
ductivity  images  of  the  cylindrical  borehole  wall  by  in- 
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jecting  low  frequency  current  into  the  formations.  [Ref- 
erence  can  be  made,  for  example  to  U.S.  Patent  No.s 
4,468,623,  4,567,759,  and  4,692,908.]  Images  from 
these  arrays  cannot  readily  be  converted  into  quantita- 
tive  images  of  water  saturation.  Also,  current  injection 
schemes  are  of  limited  use  if  the  drilling  mud  is  highly 
resistive,  since  the  drilling  mud  forms  an  insulating  layer 
between  the  electrodes  and  the  formation  intended  to 
be  measured.  The  measurements  of  the  present  inven- 
tion  are  taken  with  electromagnetic  energy  from  an  array 
of  slot  antennas,  and  overcome  the  indicated  disadvan- 
tages. 
[0014]  In  the  above-mentioned  European  Patent  Ap- 
plication  0  516  525,  there  is  disclosed  a  so-called 
"cross-dipole"  antenna  that  can  be  energized  to  produce 
electromagnetic  energy  having  a  magnetic  dipole  char- 
acteristic  with  a  selectable  magnetic  moment  direction. 
These  antennas  can  be  used,  for  example,  to  obtain  an 
endfire  operating  mode  at  a  particular  time  and  a  broad- 
side  operating  mode  at  another  time.  The  antennas 
have  orthogonal  probes  in  a  slot,  and  the  angle  (or  di- 
rection)  of  the  magnetic  moment  can  be  adjusted  by  ap- 
plying  signals  of  appropriate  amplitude  and  phase  to  the 
probes.  It  is  demonstrated  in  the  Application  above  that 
when  the  magnetic  moment  or  the  longitudinal  direction 
of  the  array  is  perpendicular  to  the  formation  bedding 
direction,  the  logging  image  is  sharper;  i.e.,  bed  bound- 
aries  and  measurement  values  are  more  accurately  de- 
lineated.  The  Application  above  also  observes  that  im- 
proved  standoff  performance  (that  is,  immunity  to  the 
media  between  the  logging  device  antennas  and  the  for- 
mations)  is  obtained  when  the  magnetic  moment  is  par- 
allel  to  the  borehole  axis.  However,  the  bedding  direc- 
tion  and/or  the  precise  orientation  of  the  tool  with  re- 
spect  to  the  borehole  may  not  be  known  a  priori. 
[0015]  The  present  invention  provides  improved  flex- 
ibility  in  the  obtainment  of  electromagnetic  propagation 
logging  information,  and  enables  the  obtainment  by  a 
logging  device  of  measurement  information  on  larger  re- 
gions  of  the  formations  than  existing  electromagnetic 
propagation  types  of  logging  devices. 
[0016]  In  accordance  with  an  embodiment  of  the  in- 
vention,  there  is  provided  an  apparatus  for  determining 
properties  of  earth  formations  surrounding  a  borehole. 
A  device  is  moveable  through  the  borehole  and  has  a 
member  mounted  thereon  which  is  adapted  for  engage- 
ment  with  the  borehole  wall.  A  two-dimensional  array  of 
slot  antennas  is  mounted  in  the  member.  Means  are  pro- 
vided  for  energizing  at  least  a  selected  one  of  said  an- 
tennas  to  transmit  electromagnetic  energy  into  the  for- 
mations.  Means  are  also  provided  for  receiving  said 
electromagnetic  energy  at  at  least  a  selected  one  of  said 
antennas. 
[0017]  In  a  preferred  embodiment  of  the  invention, 
said  means  for  energizing  at  least  one  of  said  antennas 
can  be  controlled  to  energize,  at  different  times,  several 
different  antennas,  and  said  means  for  receiving  said 
electromagnetic  energy  can  be  controlled  to  receive  en- 

ergy  from  different  selected  receivers  at  different  times. 
[0018]  In  a  preferred  embodiment,  the  slot  antennas 
of  the  array  have  respective  probes  which  extend  across 
the  slot,  and  each  of  said  probes  is  coupled  with  said 

5  energizing  means  and/or  said  receiving  means.  In  a 
form  of  this  embodiment,  at  least  some  of  the  slot  an- 
tennas  have  a  further  probe  extending  across  the  slot 
in  a  direction  orthogonal  to  the  direction  of  the  first-men- 
tioned  probe,  the  further  probes  being  coupled  with  said 

10  energizing  means  and/or  said  receiving  means. 
[0019]  The  two-dimensional  array  preferably  com- 
prises  an  array  of  at  least  4  by  2  slot  antennas  and,  more 
preferably,  at  least  4  by  4  slot  antennas.  In  illustrated 
embodiments  hereof,  larger  arrays  are  employed.  Se- 

15  lected  antennas  of  these  arrays  can  provide  a  variety  of 
one-dimensional  operating  arrays  of  transmitters  and 
receivers  which  operate  at  different  times  or  at  different 
frequencies.  These  operating  arrays  have  their  antenna 
centers  in  a  substantially  straight  line,  and  can  be  at  a 

20  variety  of  angles  with  respect  to  the  axes  of  the  array. 
The  one  dimensional  arrays  may  be,  for  example,  of  the 
form  TRRT,  RTTR,  TTRRTT  or  RRTTRR. 
[0020]  The  received  signals  can  be  utilized  to  deter- 
mine  the  amplitude  and/or  phase  of  electromagnetic  en- 

25  ergy  received  at  the  receivers,  and  this  information  can 
be  utilized  to  determine  the  dielectric  permittivity  and/or 
conductivity  of  formations  through  which  the  electro- 
magnetic  energy  has  propagated.  The  measurements 
are  effective  in  conductive  muds,  resistive  muds,  and 

30  open  hole. 
[0021]  In  addition  to  the  ability  to  provide  several  dif- 
ferent  linear  array  operational  angles  with  respect  to  the 
tool  axis,  the  two-dimensional  array  also  enables  obtain- 
ment  of  logging  information  at  different  azimuthal  an- 

35  gles,  for  example  by  activating  a  number  of  different  ver- 
tical  columns  (or  strips)  of  the  array  in  sequence,  or  si- 
multaneously  at  different  frequencies. 
[0022]  In  accordance  with  a  further  feature  of  the  in- 
vention,  there  is  provided  an  antenna  array  and 

40  processing  that  can  be  used  to  determine  changes  in 
dielectric  constant  as  well  as  conductivity  as  the  logging 
device  is  moved  longitudinally  through  the  borehole. 
This  provides  useful  bed  boundary  information.  Again, 
by  providing  a  plurality  of  such  antenna  arrangements 

45  at  different  azimuthal  positions  with  respect  to  the  bore- 
hole  axis,  bed  boundary  information  can  be  obtained  at 
different  azimuthal  positions,  and  the  two-dimensional 
information  can  be  used  for  various  purposes  including 
determination  of  the  dip  and  azimuth  of  formation  bed- 

so  ding  planes. 
[0023]  Further  features  and  advantages  of  the  inven- 
tion  will  become  more  readily  apparent  from  the  follow- 
ing  detailed  description  when  taken  in  conjunction  with 
the  accompanying  drawings. 

55 
BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

[0024]  Fig.  1  is  a  schematic  representation,  partially 
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in  block  diagram  form,  of  apparatus  which  can  be  used 
in  practicing  embodiments  of  the  invention. 
[0025]  Fig.  2  is  an  elevational  perspective  view  of  a 
cross-dipole  antenna  that  can  be  used  in  embodiments 
of  the  invention. 
[0026]  Fig.  3  is  a  cross-sectional  view  as  taken 
through  a  section  defined  by  arrows  3-3  of  Fig.  2. 
[0027]  Fig.s  4A,  4B  and  4C  illustrate  magnetic  dipole 
moments  that  can  be  obtained  with  the  antenna  of  Fig.  3. 
[0028]  Fig.  5  is  a  partially  broken  away  diagram  of  an 
antenna  array  in  accordance  with  an  embodiment  of  the 
invention. 
[0029]  Fig.  6  is  a  schematic  diagram,  partially  in  block 
form,  of  the  downhole  circuitry  in  accordance  with  an 
embodiment  of  the  invention. 
[0030]  Fig.s  7-1  8  illustrate  examples  of  arrays  and  of 
antenna  configurations  in  accordance  with  embodi- 
ments  of  the  invention. 

DETAILED  DESCRIPTION 

[0031]  Referring  to  Fig.  1  ,  there  is  shown  an  appara- 
tus  30,  for  investigating  subsurface  formations  31  tra- 
versed  by  a  borehole  32,  which  can  be  used  in  practicing 
embodiments  of  the  invention.  The  borehole  32  is  typi- 
cally  filled  with  a  drilling  fluid  or  mud  which  contains  fine- 
ly  divided  solids  in  suspension.  Generally,  the  fluid  pres- 
sure  in  the  formations  traversed  by  the  borehole  is  less 
than  the  hydrostatic  pressure  of  the  column  of  mud  in 
the  borehole,  so  that  the  mud  and  mud  filtrate  flow 
somewhat  into  the  formations.  As  is  well  known,  the  for- 
mations  tend  to  screen  the  small  particles  suspended  in 
the  mud  so  that  a  mudcake  40  can  form  on  the  walls  of 
the  borehole. 
[0032]  The  investigating  apparatus  or  logging  device 
30  is  suspended  in  the  borehole  32  on  an  armored  cable 
33,  the  length  of  which  substantially  determines  the  rel- 
ative  depth  of  the  device  30.  The  cable  length  is  control- 
led  by  suitable  means  at  the  surface  such  as  a  drum  and 
winch  mechanism  (not  shown).  The  logging  device  30 
includes  an  elongated  cylindrical  sonde  34,  the  interior 
portion  of  which  has  a  housing  containing  the  bulk  of  the 
downhole  electronics.  Mounted  on  one  side  of  sonde  34 
is  a  pad  37  which  contains  an  array  44  of  slot  antennas. 
On  the  other  side  of  sonde  34  is  mounted  a  backup  arm 
38  which  may  be  hydraulically  controlled  to  maintain  the 
pad  37  in  contact  with  the  borehole  wall.  The  backup 
arm  38  can  also  be  used  to  provide  a  caliper  reading. 
[The  pad  37  mounted  directly  on  the  sonde  34  is  some- 
times  also  referred  to  as  a  skid.  The  term  "pad"  is  used 
herein  and  is  intended  to  generically  indicate  an  inten- 
tion  of  contact  with  the  surface  of  the  borehole  wall.]  The 
particular  means  shown  in  Fig.  1  for  maintaining  the  an- 
tennas  in  engagement  with  the  borehole  wall  is  illustra- 
tive,  and  it  will  be  appreciated  that  other  known  suitable 
means  for  accomplishing  this  objective  can  be  utilized. 
In  embodiments  hereof,  signals  are  stored  downhole  by 
memory  associated  with  a  downhole  processor,  but  it 

will  be  understood  that  some  or  all  signals  could  be 
transmitted  uphole  for  processing  and/or  storage.  Elec- 
tronic  signals  indicative  of  the  information  obtained  by 
the  logging  device  can  be  transmitted  through  the  cable 

5  33  to  a  computing  module  85  and  a  recorder  95,  located 
at  the  surface  of  the  earth.  Depth  information  to  the  re- 
corder  95  and  computing  module  85  can  be  provided 
from  a  rotating  wheel  96  that  is  coupled  to  the  cable  33. 
The  computing  module  85  will  typically  include  a  proc- 

10  essor,  and  associated  memory,  timing,  input/output,  dis- 
play,  and  printing  functions,  none  of  which  are  separate- 
ly  shown. 
[0033]  As  first  noted  above,  in  the  above-mentioned 
European  Patent  Application  0  516  525  there  is  dis- 

15  closed  a  cross-dipole  antenna  that  can  be  energized  to 
produce  electromagnetic  energy  having  a  magnetic  di- 
pole  characteristic.  Fig.s  2  and  3  show  the  cross  dipole 
antenna,  which  is  used  in  the  embodiments  hereof.  The 
antenna  330  comprises  a  generally  square  aperture  or 

20  slot  332  in  a  metal  body  355.  Metal  probe  elements  338 
and  339  cross  the  slot  from  different  opposing  sides,  but 
are  notched  at  their  centers,  so  as  to  not  touch  where 
they  cross.  A  dielectric  material  fills  the  rest  of  the  slot. 
The  cross-section  of  Fig.  3  shows  one  of  the  probes 

25  (339),  which  is  seen  to  be  shorted  at  one  end  to  a  wall 
of  the  slot  332.  The  other  end  of  the  probe  is  coupled  to 
a  conductor  wire  337  which  is  insulated  for  passage 
through  the  body,  and  is  coupled  with  transmitter  and/ 
or  receiver  circuitry,  depending  on  the  intended  purpose 

30  of  the  antenna.  The  other  probe  is  similarly  constructed. 
[0034]  As  described  in  the  referenced  European  Pat- 
ent  Application  0  516  525,  the  cross-dipole  antenna 
probes  can  be  used  to  produce  electromagnetic  energy 
with  a  controlled  magnetic  moment  direction  (or  angle). 

35  Referring,  for  example,  to  Fig.  4A,  assume  that  the  ver- 
tical  probe  element  339  is  parallel  to  the  longitudinal  axis 
of  the  logging  device  and  that  the  horizontal  element  338 
is  perpendicular  to  said  axis.  Excitation  of  only  the  hor- 
izontal  probe  element  (shown  darkened)  results  in  a  ver- 

40  tical  magnetic  moment  (as  indicated  by  the  arrow)  and 
operation  in  an  endfire  mode.  In  the  illustration  of  Fig. 
4B,  only  the  vertical  probe  element  is  excited,  resulting 
in  a  horizontal  magnetic  moment  and  operation  in  a 
broadside  mode.  In  Fig.  4C  both  probe  elements  are  ex- 

45  cited  by  application  of  equal  signals  to  the  probe  ele- 
ments,  resulting  in  a  45  degree  magnetic  moment,  as 
shown.  As  further  described  in  the  referenced  European 
Application  0  516  525,  application  of  signals  of  appro- 
priate  relative  amplitudes  and  phases  to  the  respective 

so  probe  elements  can  produce  a  magnetic  moment  in  any 
desired  direction.  Also,  the  antennas  can  be  excited  to 
operate  in  endfire  and  broadside  modes  either  sequen- 
tially  or  simultaneously  (an  example  of  the  latter  being 
simultaneous  transmission  or  reception  at  slightly  differ- 

55  ent  frequencies,  such  as  1  .03  GHz  and  1  .00  GHz,  which 
are  substantially  equivalent  from  a  rock  physics  stand- 
point  but  which  reduce  cross-coupling  between  the 
probes). 
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[0035]  Fig.  5  illustrates  an  example  of  the  two-dimen- 
sional  array  44  of  cross-dipole  antennas.  The  antennas 
of  the  Fig.  5  embodiment  are  mounted  in  the  pad  37  as 
a  number  of  one-dimensional  strips  44A  of  cross-dipole 
slot  antennas,  the  strips  being  mounted  side-by-side  in 
the  body  of  the  pad.  The  probe  wiring  for  each  strip  can 
run  in  a  harness  adjacent  to  a  frame  of  the  strip.  Alter- 
natively,  the  individual  cross-dipole  antennas  can  be  in- 
serted  as  modules  into  a  two-dimensional  frame  of 
square  apertures,  with  the  wiring  to  the  probes  being 
formed  into  a  bundle  that  is  coupled  to  circuitry  in  the 
sonde  34. 
[0036]  In  the  embodiments  hereof,  each  cross-dipole 
antenna  element  is  addressable  to  be  used  as  a  trans- 
mitting  antenna  or  a  receiving  antenna  at  a  particular 
time  under  control  of  a  processor.  It  will  be  understood, 
however,  that  for  various  applications  it  may  be  ade- 
quate  to  have  some  or  all  antenna  elements  be  used  as 
only  transmitters  or  only  as  receivers.  Also,  some  or  all 
of  the  antenna  elements  can  have  a  single  probe,  such 
as  for  broadside  or  endfire  operation. 
[0037]  Fig.  6  shows  the  electronics,  at  least  part  of 
which  may  be  contained  within  the  sonde  34.  An  oscil- 
lator  545  provides  output  energy  which,  in  the  present 
invention,  is  preferably  greater  than  100  MHz,  and,  in 
the  example  hereof  is  1100  MHz.  The  output  of  oscillator 
545  is  coupled  to  an  isolator  546.  The  isolator  546  is 
coupled,  in  this  embodiment,  to  each  cross-dipole  slot 
antenna  unit  of  the  Fig.  5  array,  Fig.  6  showing  the  cir- 
cuitry  610  associated  with  one  of  the  cross-dipole  slot 
antenna  units.  Each  circuit  610  includes  a  splitter  615 
that  receives  signal  from  the  isolator  546  and  couples 
the  split  output  to  respective  attenuator/phase-shifters 
617  and  618.  The  outputs  of  the  attenuator/phase-shift- 
ers  617  and  618  are  respectively  coupled  to  switches 
627  and  628.  The  attenuator/phase-shifters  617,  618 
and  the  switches  627,  628  are  under  control  of  a  proc- 
essor  510.  The  attenuator/phase-shifters  are  adjusta- 
ble,  under  control  of  the  processor,  to  adjust  the  atten- 
uation  and/or  the  phase  of  the  signals  applied  thereto 
so  as  to  control  the  direction  (or  angle)  of  the  magnetic 
moment.  Reference  can  be  made,  for  example,  to  the 
above-referenced  European  Patent  Application  0  516 
525,  and  to  U.S.  Patent  Application  Serial  No.  848,621 
and  European  Patent  Application  93400558.8.  Respec- 
tive  terminals  of  the  switches  627  and  628  are  coupled 
with  respective  ones  of  the  probes  of  the  slot  antenna 
unit;  that  is,  to  the  probes  which  can  excite  and/or  re- 
ceive  the  previously  described  endfire  and  broadside 
modes  of  operation.  Further  respective  terminals  of  the 
switches  627  and  628  are  coupled  to  respective  atten- 
uator/phase-shifters  647  and  648,  the  outputs  of  which 
are  coupled  to  a  multiplexer  660.  The  attenuator/phase- 
shifters  647,  648,  and  the  multiplexer  660  are  under  con- 
trol  of  the  processor  51  0.  The  multiplexer  selects  two  of 
its  inputs  to  pass  to  adders  524  and  534,  which  include 
buffers,  and  can  also  be  under  processor  control.  The 
outputs  of  the  adders  524  and  534  are  respectively  cou- 

pled  to  mixers  525  and  535.  The  outputs  of  mixers  525 
and  535  are  inputs  to  a  phase  detector  541  and  are  also 
inputs  to  an  amplitude  comparator  542.  The  outputs  of 
phase  detector  541  and  amplitude  comparator  542  are 

5  coupled  to  the  downhole  processor  510,  which  may  be, 
for  example,  a  digital  processor  having  associated 
memory,  timing,  and  input/output  capabilities  (not  sep- 
arately  shown).  A  second  input  to  mixers  525  and  535 
is  the  output  of  a  voltage-controlled  oscillator  575  which 

10  is  under  control  of  a  frequency  stabilizer  circuit  572.  The 
outputs  of  oscillators  545  and  575  are  coupled  to  mixer 
570,  the  output  of  which  is  coupled  to  frequency  stabi- 
lizer  572. 
[0038]  In  the  illustrated  embodiment,  at  least  two 

is  transmitters  can  be  alternately  enabled  to  implement 
"borehole  compensated"  operation.  Electromagnetic 
energy  is  transmitted  sequentially  from  transmitters  into 
the  surrounding  media.  As  described  in  the  above-ref- 
erenced  copending  U.S.  Patent  Applications,  the  proc- 

20  essor  can  readily  sequence  energizing  of  the  four  trans- 
mitter  probes  of  two  transmitting  antennas.  Energy  re- 
ceived  at  the  receiving  antennas  is  coupled  via  the  at- 
tenuator/phase-shifters  and  adders  to  inputs  of  the  mix- 
ers  525  and  535.  The  signals  which  arrive  from  the  re- 

25  ceivers  are  out  of  phase  with  each  other  by  a  phase  an- 
gle  which  depends  upon  properties  of  the  media  through 
which  the  energy  has  passed  and  have  an  amplitude 
ratio  which  also  depends  upon  properties  of  such  media. 
The  secondary  inputs  of  the  mixers  are  supplied  with 

30  energy  at  a  frequency  that  is  separated  from  the  trans- 
mitter  frequency  by  some  relatively  low  frequency  which 
is  typically  in  the  kilohertz  frequency  range.  In  the  illus- 
trated  embodiment,  oscillator  575  supplies  electromag- 
netic  energy  to  mixers  525  and  535  at  a  frequency  that 

35  is,  for  example,  1  0  KHz.  above  the  transmitter  frequen- 
cy.  The  outputs  of  the  mixers  525  and  535  therefore  con- 
tain  the  difference  frequency  of  10  KHz.  In  accordance 
with  well  known  principles,  the  mixer  outputs  maintain 
the  phase  and  amplitude  relationships  of  the  signals 

40  from  the  receivers,  but  the  task  of  phase  detection  is 
greatly  facilitated  at  the  lower  frequency  of  the  mixed 
signals.  To  ensure  that  the  difference  frequency  be- 
tween  the  outputs  of  the  oscillators  545  and  575  remains 
at  1  0  KHz,  the  oscillator  outputs  are  sampled  and  fed  to 

45  the  mixer  570.  The  output  of  the  mixer  is  received  by  the 
frequency  stabilization  circuit  572  which  detects  drifts 
from  the  10  KHz  standard  and  generates  a  correction 
signal  which  controls  oscillator  575  in  the  manner  of  a 
conventional  "phase-locked  loop".  As  above-indicated, 

so  the  mixer  outputs  are  applied  to  the  phase  detector  541 
and  to  the  amplitude  comparator  542.  The  output  of  the 
phase  detector  541  is  a  signal  level  which  is  proportional 
to  the  phase  difference  between  the  signals  received  at 
the  receivers  and  the  output  of  amplitude  comparator 

55  542  is  a  signal  level  which  is  proportional  to  the  relative 
amplitudes  of  the  signals  received  at  the  receivers. 
[0039]  As  described  in  the  above-referenced  copend- 
ing  U.S.  Patent  Applications,  the  amplitudes  and  phases 
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of  the  signals  applied  to  the  transmitter  probes  and/or 
the  signals  received  from  the  receiver  probes  can  be  ad- 
justed  under  processor  control  to  obtain  any  desired 
magnetic  moment  direction.  The  processor  can  control 
the  attenuator/phase-shifters  to  obtain  the  desired  am- 
plitudes  and  phases.  The  switches  627  and  628  oper- 
ate,  under  processor  control,  to  either  pass  signal  from 
the  transmitter  circuitry  to  a  selected  antenna  probe,  to 
couple  a  selected  antenna  probe  to  the  receiver  circuit- 
ry,  or  to  decouple  the  selected  probe  when  not  being 
used.  The  multiplexer  660  selects  the  particular  re- 
ceived  signals  that  are  coupled  to  the  receiver  circuitry 
adders  at  a  particular  time. 
[0040]  Fig.s  7-18  illustrate  various  antenna  arrays 
and/or  transmitter  and  receiver  selections  that  can  be 
utilized  for  various  operating  arrays  of  antennas,  it  being 
understood  that  other  array  sizes  can  be  utilized.  It  will 
also  be  understood  that  while  cross-dipole  antennas  are 
generally  represented  in  the  illustrated  embodiments, 
antennas  with  single  probes  can  also  be  employed.  It 
will  be  further  understood  that  the  magnetic  moment  di- 
rections  (or  angles)  can  be  selected  as  desired,  for  ex- 
ample  to  a  broadside  mode,  an  endfire  mode,  or  a  mag- 
netic  moment  direction  that  corresponds  to  the  direction 
of  the  line  through  the  centers  of  the  currently  operation- 
al  antenna  units. 
[0041]  Fig.  7  illustrates  an  array  of  24  antennas  ar- 
ranged  as  six  adjacent  T-RR-T  (or  R-TT-R)  one-dimen- 
sional  strips,  with  each  strip  having  a  substantial  spac- 
ing  between  its  center  antenna  pair  and  its  end  anten- 
nas.  For  a  T-RR-T  configuration,  the  transmitting  anten- 
nas  are  shown  shaded.  In  general,  the  vertical  resolu- 
tion  is  related  to  the  spacing  between  receivers  and  the 
horizontal  resolution  is  related  to  the  spacing  between 
the  individual  antenna  strips. 
[0042]  In  the  embodiment  of  Fig.  8,  the  six  receiver 
pairs  are  the  same  as  in  Fig.  7,  but  there  is  a  single  large 
transmitting  antenna  at  each  end  (the  transmitting  an- 
tennas  again  being  shown  shaded).  The  larger  anten- 
nas  can  more  easily  transmit  at  higher  power  levels,  and 
thereby  provide  improved  imaging,  particularly  in  very 
lossy  formations. 
[0043]  In  the  embodiment  of  Fig.  9,  adjacent  strips  are 
staggered  so  that  no  two  antennas  are  adjacent  to  each 
other  in  the  azimuthal  direction.  This  configuration  re- 
duces  the  cross-talk  between  antennas  in  adjacent 
strips.  Stated  another  way,  the  configuration  of  Fig.  9, 
reduces  signal  scattering  between  antennas. 
[0044]  In  the  above  referenced  U.S.  Patent  Applica- 
tion  Serial  No.  848,621  there  is  disclosed  a  TT-RR-TT 
(or  RR-TT-RR)  arrangement  of  antennas  which,  inter 
alia,  can  provide  measurement  information  and/or  cor- 
rection  for  standoff  effects;  i.e.,  the  effect  of  the  spacing 
between  the  face  of  the  logging  tool  and  the  borehole 
wall  surface  (resulting  generally  from  the  difficulty  of 
maintaining  good  wall  contact  over  the  entire  length  of 
the  tool  pad).  [Inversion  techniques  as  disclosed  in  said 
Application  Serial  No.  848,621  can  also  be  used  in  con- 

junction  with  the  present  invention.]  The  embodiment  of 
Fig.  10  has  an  antenna  arrangement  with  six  antennas 
in  a  strip  for  obtainment  of  measurements  as  in  said  ref- 
erenced  Application,  but  with  the  additional  capability  of 

5  obtaining  azimuthal  data  from  the  plural  columns  of 
strips. 
[0045]  In  accordance  with  a  feature  of  the  invention, 
there  is  provided  an  arrangement  of  slot  antennas  that 
can  be  utilized  to  identify  bed  boundaries.  An  advantage 

10  of  this  feature  is  that  contrasts  in  dielectric  permittivity, 
as  well  as  conductivity,  can  be  detected  with  relatively 
high  resolution.  [Devices  which  determine  conductivity 
changes  at  relatively  high  resolution  are  disclosed,  for 
example,  in  U.S.  Patent  No.s  4,766,384  and  4,857,852. 

is  Reference  can  also  be  made  to  U.S.  Patent  No. 
4,831  ,331  .]  This  can  be  advantageous  for  operation  in 
thinly  laminated  zones  and  in  identifying  boundaries  be- 
tween  fresh  water  and  hydrocarbon  zones.  A  three  an- 
tenna  vertical  strip  in  accordance  with  an  embodiment 

20  of  this  feature  of  the  invention  is  shown  in  Fig.  11.  Acen- 
tral  transmitting  antenna  T  is  symmetrically  flanked  by 
two  receiving  antennas,  R1  and  R2.  The  array  may  be, 
for  example,  in  the  pad  37  of  Fig.  1  ,  with  the  transmitter 
and  receivers  coupled  with  circuitry  of  the  type  shown 

25  in  Fig.  6.  Electromagnetic  energy  transmitted  by  the 
transmitter  T  propagates  through  the  surrounding  media 
and  is  received  by  the  two  receiving  antennas.  If,  in  a 
homogeneous  medium,  the  radiation  pattern  of  the 
transmitter  is  symmetric  with  respect  to  the  positions  of 

30  identical  receivers,  the  ratio  of  the  receivers'  complex 
signals  will  be  substantially  0;  that  is,  the  relative  atten- 
uation  will  be  0  dB  and  the  relative  phase  will  be  0  de- 
grees.  This  substantially  zero  response  will  occur  in  a 
"thick  bed",  relatively  far  from  its  boundaries  with  adja- 

35  cent  beds.  However,  as  illustrated  in  Fig.  12,  when  the 
array  is  in  the  vicinity  of  a  boundary  between  two  beds 
of  differing  electrical  properties,  the  signal  ratio  is  no 
longer  unity.  Qualitatively,  when  the  transmitter  is  exact- 
ly  at  the  boundary,  the  signal  detected  in  receiver  R1  is 

40  predominantly  determined  by  the  electrical  properties  of 
medium  1  while  the  signal  in  receiver  R2  is  predomi- 
nantly  determined  by  the  electrical  properties  of  medium 
2.  Hence,  if  wave  scattering  from  bed  boundaries  is  not 
too  severe,  a  fairly  sharp  response  only  near  bed  bound- 

45  aries  can  be  expected.  A  logging  device  in  this  arrange- 
ment  is  a  "relative"  device  since  it  responds  to  the  rela- 
tive  changes  in  electrical  properties  of  the  formation. 
The  receivers  are  preferably  close  to  the  transmitter  so 
that  the  signal  strength  in  each  receiver  is  always  high 

so  and  vertical  resolution  is  maximized.  Operation  at  fre- 
quencies  co  such  that  o/coe  ~  1  (where  o  is  the  electrical 
conductivity  of  the  formation  and  e  is  its  dielectric  con- 
stant)  makes  the  device  sensitive  to  both  permittivity 
and  conductivity  changes.  Operating  at  higher  frequen- 

ts  cies  (for  example  o/coe  <  0.  1  )  increases  sensitivity  to  di- 
electric  permittivity.  An  operating  frequency  of  at  least 
about  1  00  MHz  is  generally  preferred  for  determination 
of  permittivity. 
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[0046]  In  the  embodiment  of  Fig.  13  the  bed  boundary 
detection  approach  of  Fig.s  11  ,  12  is  incorporated  in  an 
array  that  can  also  provide  azimuthal  information,  such 
as  is  indicated  by  the  top  three  rows  of  Fig.  1  3.  In  other 
respects,  the  array  is  like  that  of  Fig.  10.  The  antennas  s 
which  are  cross-hatched  operate  as  either  transmitters 
or  receivers  depending  on  which  selections  are  made 
during  the  data  acquisition.  For  example,  the  antennas 
in  the  top  row  are  driven  as  transmitters  when  acquiring 
data  for  imaging  purposes,  but  are  used  as  receivers  10 
when  acquiring  data  for  the  described  bed  boundary  de- 
tection.  Any  suitable  groups  of  antennas  in  the  arrays 
hereof  can  also  be  used  for  bed  boundary  detection  in 
the  indicted  manner. 
[0047]  In  the  array  of  Fig.  14  less  antennas  are  em-  15 
ployed,  and  standoff  correction  and  bed  boundary  de- 
tection  are  implemented  in  one  dimension,  while  azi- 
muthal  capability  is  maintained  for  obtainment  of  the 
previously  described  measurements.  A  single  point 
standoff  correction  would  typically  suffice  in  cases  of  low  20 
pad  tilt.  A  single  point  edge-detector  would  be  sufficient 
to  identify  the  edges  of  uniformly  dipping  beds,  but 
would  not  be  able  to  map  the  boundaries  of  irregular  ob- 
jects  like  vugs. 
[0048]  Fig.  15A  shows  a  minimal  4  by  2  array  (which  25 
could  also  be  designated  as  2  by  4).  [For  non-borehole- 
compensated  operation,  which  is  less  preferred,  the 
minimal  array  could  be  3  by  2,  and  for  non-borehole- 
compensated  operation  without  differential  receivers, 
the  minimal  array  could  be  2  by  2,  this  also  being  less  30 
preferred.]  Fig.  15B  shows  the  same  4  by  2  array  used 
in  an  RTTR  mode.  As  described  in  copending  U.S.  Pat- 
ent  Application  Serial  No.  848,621  ,  any  arrays  operated 
with  transmitters  at  the  ends  can  alternatively  be  oper- 
ated  with  receivers  at  the  ends,  and  this  applies  to  the  35 
various  configurations  hereof,  whether  illustrated  or  not. 
Fig.  16  illustrates  the  Fig.  15A  array  oriented  horizontal- 
ly. 
[0049]  Fig.s  1  7A-1  7F  illustrate  some  examples  of  op- 
erational  configurations  that  can  be  used  with  a  7  by  7  40 
array.  Fig.s  17A  and  17B  show  vertical  T-RR-T  opera- 
tional  configurations  with  different  possible  spacings. 
[The  corresponding  horizontal  configurations  are  not 
shown  in  this  and  other  cases.]  Fig.s  1  7C  and  1  7D  show 
two  sets  of  configurations  to  obtain  45  degree  array  an-  45 
gles,  and  Fig.  1  7E  and  1  7F  respectively  show  arrays  at 
63.5  degrees  and  26.5  degrees  with  respect  to  the  hor- 
izontal  axis  of  the  array. 
[0050]  Fig.s  18A-18D  illustrate  11  by  11  array.  Fig.s 
1  8A  and  1  8B  show  operating  configurations,  with  differ-  so 
ent  antenna  spacings,  for  a  TT-RR-TT  configuration. 
Reference  can  again  be  made  to  copending  U.S.  Patent 
Application  Serial  No.  848,621  ,  filed  of  even  date  here- 
with,  with  regard  to  the  use  of  multiple  transmitters  and/ 
or  receivers  to  obtain  different  effective  spacings  and  55 
depths  of  investigation.  Fig.  18C  shows  a  TTT-RR-TTT 
operating  configuration.  Fig.s  1  8D  and  1  8E  illustrate  op- 
erating  configurations  at  angles  of  21.80  degrees  [arc 

tan  (4/10)]  and  28.61  degrees  [arc  tan  (6/11)].  The  op- 
erating  configurations  which  give  the  complements  of 
these  angles  (68.20  degrees  and  61  .39  degrees)  are  not 
shown.  It  will  be  understood  that  any  of  the  arrays  and 
angles  of  the  previously  described  smaller  arrays  can 
also  be  obtained  with  the  larger  11  by  11  array.  It  will  be 
further  understood  that  the  illustrated  array  sizes  and 
the  exemplary  operating  configurations  to  be  used  at  a 
given  time  for  a  particular  array  are  representative  ex- 
amples,  and  many  others  are  possible. 
[0051]  In  addition  to  the  ability  to  provide  several  dif- 
ferent  linear  array  operational  angles  with  respect  to  the 
tool  axis,  the  two-dimensional  array  also  enables  obtain- 
ment  of  logging  information  at  different  azimuthal  an- 
gles,  for  example  by  activating  a  number  of  different  ver- 
tical  columns  (or  strips)  of  the  array  in  sequence,  or  si- 
multaneously  at  different  frequencies. 
[0052]  The  invention  has  been  described  with  refer- 
ence  to  particular  preferred  embodiments,  but  variations 
within  the  spirit  and  scope  of  the  invention  will  occur  to 
those  skilled  in  the  art.  For  example,  while  generally 
symmetrical  arrays  have  been  illustrated,  it  will  be  un- 
derstood  that  symmetry  is  not  required.  Also,  the  indi- 
vidual  slot  antennas  can  have  various  shapes,  and 
could  be  arranged  in  other  patterns  and  with  other  spac- 
ings,  such  as  the  diagonal  pattern  or  a  pattern  which  has 
spaces  without  antennas  between  antennas  of  the  ar- 
ray.  It  will  also  be  understood  that  more  than  one  array 
can  be  used  on  a  given  pad,  or  on  different  pads  at  dif- 
ferent  longitudinal  and/or  azimuthal  locations  with  re- 
spect  to  the  tool  axis. 

Claims 

1.  Apparatus  for  determining  properties  of  earth  for- 
mations  surrounding  a  borehole,  comprising: 

•  a  device  (30,  34)  moveable  through  the  bore- 
hole  (32); 

•  a  member  (37)  mounted  on  said  device  (34) 
and  adapted  for  engagement  with  the  borehole 
wall; 

•  a  plurality  of  slot  antennas  (330)  arranged  in  a 
two-dimensional  array  (44)  and  mounted  in 
said  member  (37); 

•  means  for  energizing  (510,  545,  546,  610)  said 
antennas  to  transmit  electromagnetic  energy  in 
the  formations;  and 

•  means  for  receiving  (510,  545,  546,  610)  said 
electromagnetic  energy  at  said  antennas;  char- 
acterized  in  that  said  antennas  are  cross-dipole 
antennas  and  said  two-dimensional  array  (44) 
comprises  at  least  2  by  2  antennas  (330). 

2.  Apparatus  as  defined  by  claim  1,  wherein  the 
probes  of  each  antenna  are  coupled  with  said  en- 
ergizing  means  and/or  said  receiving  means. 
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3.  Apparatus  as  defined  by  any  preceding  claim, 
wherein  said  two-dimensional  array  (44)  comprises 
an  array  of  at  least  3  by  3  antennas. 

4.  Apparatus  as  defined  by  any  preceeding  claim,  s 
wherein  said  two-dimensional  array  (44)  comprises 
an  array  of  at  least  4  by  4  antennas. 

5.  Apparatus  as  defined  by  any  preceding  claim, 
wherein  said  two-dimensional  array  (44)  comprises  10 
an  array  of  at  least  7  by  7  antennas. 

6.  Apparatus  as  defined  by  any  preceding  claim, 
wherein  said  array  (44)  comprises  an  array  of  at 
least  11  by  11  antennas.  15 

7.  Apparatus  as  defined  by  any  preceding  claim, 
wherein  a  first  group  comprises  a  pair  of  non-adja- 
cent  antennas,  a  second  group  comprises  antennas 
between  said  pair  of  non-adjacent  antennas,  and  20 
said  apparatus  further  comprises  means  for  se- 
quentially  energizing  said  first  and  second  groups 
of  non-adjacent  antennas. 

8.  Apparatus  as  defined  by  any  preceding  claim,  25 
wherein  the  centers  of  the  antennas  are  along  a 
straight  line. 

9.  Apparatus  as  defined  by  claim  8,  wherein  said 
straight  line  is  at  an  angle  with  respect  to  the  longi-  30 
tudinal  direction  of  the  borehole. 

10.  Apparatus  as  defined  by  claim  8,  wherein  said 
straight  line  is  perpendicular  to  the  longitudinal  di- 
rection  of  the  borehole.  35 

11.  Apparatus  as  defined  by  any  preceding  claim, 
wherein  said  two-dimensional  array  (44)  comprises 
several  adjacent  columns,  each  containing  trans- 
mitters  and  receivers,  and  wherein  said  means  for  40 
energizing  and  said  means  for  receiving  are  oper- 
ative  to  respectively  energize  and  receive  inde- 
pendently  at  different  ones  of  said  columns. 

12.  Apparatus  as  defined  by  claim  11  ,  wherein  each  of  45 
said  columns  is  in  a  T-RR-T  R-TT-R  TT-RR-TT  or 
RR-TT-RR  arrangement. 

13.  Apparatus  as  defined  by  claim  11  or  claim  12, 
wherein  adjacent  columns  are  vertically  staggered  so 
to  reduce  cross-talk. 

14.  Apparatus  as  defined  by  any  preceding  claim, 
wherein  said  array  comprises  a  plurality  of  rows  of 
relatively  small  slot  antenna  receivers  and  a  rela-  55 
tively  large  slot  antenna  transmitter  on  each  side  of 
said  rows  of  receivers. 

D9B1  14 

15.  Apparatus  as  defined  by  any  preceding  claim,  fur- 
ther  comprising  means  (510,  617,  618,  627,  628) 
for  measuring  the  phase  shift  and  attenuation  of  the 
electromagnetic  energy  received  at  said  antennas. 

16.  Apparatus  as  defined  by  claim  15,  further  compris- 
ing  means  for  determining  the  dielectric  permittivity 
of  said  formations  from  said  phase  shift  and  atten- 
uation. 

17.  Apparatus  as  defined  by  claim  15  or  claim  16,  fur- 
ther  comprising  means  for  determining  the  conduc- 
tivity  of  said  formations  from  said  phase  shift  and 
attenuation. 

18.  Apparatus  as  defined  by  any  preceding  claim,  fur- 
ther  comprising  means  for  receiving  electromagnet- 
ic  energy  at  a  pair  of  antennas  on  adjacent  opposite 
sides  of  an  antenna  from  which  the  electromagnetic 
energy  is  transmitted,  and  means  for  producing  an 
output  signal  dependent  on  the  difference  between 
the  signals  received  at  said  pair  of  receiving  anten- 
nas. 

19.  Apparatus  as  defined  in  any  preceding  claim, 
wherein  the  electromagnetic  energy  has  a  frequen- 
cy  of  at  least  100  MHz  and  means  are  provided  to 
generate  a  signal  indicative  of  changes  in  the  die- 
lectric  constant  of  the  earth  formations  along  the 
longitudinal  axis  of  the  borehole. 

20.  A  method  for  determining  properties  of  earth  forma- 
tions  surrounding  a  borehole,  the  method  compris- 
ing  the  steps  of: 

•  providing  a  plurality  of  slot  antennas  in  a  two- 
dimensional  array  mounted  in  a  borehole  wall- 
engaging  face  of  a  member  on  a  logging  device 
moveable  through  the  borehole; 

•  energizing  said  antennas  to  transmit  electro- 
magnetic  energy  into  the  formations;  and 

•  receiving  said  electromagnetic  energy  at  said 
antennas;  characterized  in  that  said  antennas 
are  cross-dipole  antennas  and  said  two-dimen- 
sional  array  comprises  at  least  2  by  2  antennas. 

21.  The  method  as  defined  by  claim  20,  wherein  said 
two-dimensional  array  comprises  at  least  4  by  4  an- 
tennas. 

22.  The  method  as  defined  by  claim  21,  wherein  said 
two-dimensional  array  comprises  at  least  7  by  7  an- 
tennas. 

23.  The  method  as  defined  by  claim  21  or  claim  22,  fur- 
ther  comprising  measuring  the  phase  shift  and  at- 
tenuation  of  the  received  electromagnetic  energy, 
and  determining  the  dielectric  constant  of  said  for- 
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mations  at  a  plurality  of  azimuthal  positions  around 
the  borehole  axis  from  said  measured  phase  shifts 
and  attenuations. 

24.  The  method  as  defined  by  any  one  of  claims  21  to 
23,  wherein  said  array  includes  first,  second  and 
third  antennas  arranged  in  sequence  in  the  longitu- 
dinal  direction  of  the  borehole  with  said  second  an- 
tenna  between  said  first  antenna  and  said  third  an- 
tenna,  and  further  comprising  the  steps  of: 

•  transmitting  electromagnetic  energy  from  said 
second  antenna  and  receiving  electromagnetic 
energy  at  said  first  antenna  and  siad  third  an- 
tenna;  and 

•  producing  a  signal  dependent  on  the  difference 
between  the  signal  received  at  said  first  anten- 
na  and  the  signal  received  at  said  third  anten- 
na. 

25.  The  method  as  defined  by  claim  24,  wherein  said 
electromagnetic  energy  has  a  frequency  of  at  least 
100  MHz,  and  wherein  said  produced  signal  is  in- 
dicative  of  changes  in  the  dielectric  constant  of  said 
earth  formations  along  the  longitudinal  direction  of 
the  borehole. 

3.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
spruch,  wobei  die  zweidimensionale  Matrix  (44)  ei- 
ne  Matrix  aus  wenigstens  3  mal  3  Antennen  auf- 
weist. 

5 
4.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 

spruch,  wobei  die  zweidimensionale  Matrix  (44)  ei- 
ne  Matrix  aus  wenigstens  4  mal  4  Antennen  auf- 
weist. 

10 
5.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 

spruch,  wobei  die  zweidimensionale  Matrix  (44)  ei- 
ne  Matrix  aus  wenigstens  7  mal  7  Antennen  auf- 
weist. 

15 
6.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 

spruch,  wobei  die  Matrix  (44)  eine  Matrix  aus  we- 
nigstens  11x11  Antennen  aufweist. 

20  7.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
spruch,  wobei  eine  erste  Gruppe  ein  Paar  nicht  be- 
nachbarter  Antennen  enthalt,  eine  zweite  Gruppe 
Antennen  zwischen  dem  Paar  nicht  benachbarter 
Antennen  enthalt  und  die  Vorrichtung  ferner  eine 

25  Einrichtung  zum  aufeinanderfolgenden  Erregen  der 
ersten  und  zweiten  Gruppen  nicht  benachbarter 
Antennen  enthalt. 

Patentanspriiche 

1.  Vorrichtung  zum  Bestimmen  von  Eigenschaften 
von  ein  Bohrloch  umgebenden  Erdformationen, 
mit: 

einer  Vorrichtung  (30,  34),  die  durch  das  Bohr- 
loch  (32)  bewegt  werden  kann; 
einem  Element  (37),  das  an  der  Vorrichtung 
(34)  angebracht  und  so  beschaffen  ist,  dal3  es 
mit  der  Bohrlochwand  in  Eingriff  gelangen 
kann; 
mehreren  Schlitzantennen  (330),  die  in  einer 
zweidimensionalen  Matrix  (44)  angeordnet  und 
an  dem  Element  (37)  angebracht  sind; 
einer  Einrichtung  (510,  545,  546,  610)  zum  Er- 
regen  der  Antennen,  damit  sie  elektromagneti- 
sche  Energie  in  die  Formationen  senden;  und 
einer  Einrichtung  (510,  545,  546,  610)  zum 
Empfangen  der  elektromagnetischen  Energie 
bei  den  Antennen; 

dadurch  gekennzeichnet,  dal3  die  Strahler 
Kreuz-Dipolantennen  sind  und  die  zweidimensio- 
nale  Matrix  (44)  wenigstens  2  mal  2  Strahler  (330) 
aufweist. 

2.  Vorrichtung  nach  Anspruch  1  ,  wobei  die  Sonden  je- 
der  Antenne  mit  der  Erregungseinrichtung  und/oder 
der  Empfangseinrichtung  gekoppelt  sind. 

8.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
30  spruch,  wobei  die  Zentren  der  Antennen  auf  einer 

geraden  Linie  liegen. 

9.  Vorrichtung  nach  Anspruch  8,  wobei  die  gerade  Li- 
nie  zur  Langsrichtung  des  Bohrlochs  einen  Winkel 

35  bildet. 

10.  Vorrichtung  nach  Anspruch  8,  wobei  die  gerade  Li- 
nie  zur  Langsrichtung  des  Bohrlochs  senkrecht  ist. 

40  11.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
spruch,  wobei  die  zweidimensionale  Matrix  (44) 
mehrere  benachbarte  Spalten  enthalt,  wovon  jede 
Sender  und  Empfanger  aufweist,  und  wobei  die  Ein- 
richtung  zum  Erregen  und  die  Einrichtung  zum 

45  Empfangen  in  der  Weise  arbeiten,  dal3  sie  in  unter- 
schiedlichen  Spalten  unabhangig  erregen  und 
empfangen. 

12.  Vorrichtung  nach  Anspruch  11  ,  wobei  jede  der  Spal- 
so  ten  eine  T-RR-T-,  R-TT-R-,  TT-RR-TT-  oder  RR-TT- 

RR-Anordnung  aufweist. 

13.  Vorrichtung  nach  Anspruch  11  oder  Anspruch  12, 
wobei  benachbarte  Spalten  vertikal  versetzt  sind, 

55  urn  ein  Nebensprechen  zu  reduzieren. 

14.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
spruch,  wobei  die  Matrix  mehrere  Zeilen  aus  ver- 

40  11. 

45 
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haltnismaBig  kleinen  Schlitzantennenempfangern 
und  beiderseits  der  Zeilen  aus  Empfangern  einen 
verhaltnismaBig  groBen  Schlitzantennensender 
aufweist. 

15.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
spruch,  ferner  mit  einer  Einrichtung  (510,  617,  618, 
627,  628)  zum  Messen  der  Phasenverschiebung 
und  der  Dampfung  der  elektromagnetischen  Ener- 
gie,  die  bei  den  Antennen  empfangen  wird. 

16.  Vorrichtung  nach  Anspruch  15,  ferner  mit  einer  Ein- 
richtung  zum  Bestimmen  derabsoluten  Dielektrizi- 
tatskonstante  der  Formationen  anhand  der  Pha- 
senverschiebung  und  der  Dampfung. 

17.  Vorrichtung  nach  Anspruch  15  oder  Anspruch  16, 
ferner  mit  einer  Einrichtung  zum  Bestimmen  der 
spezifischen  elektrischen  Leitfahigkeit  der  Forma- 
tionen  anhand  der  Phasenverschiebung  und  der 
Dampfung. 

18.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
spruch,  ferner  mit  einer  Einrichtung  zum  Empfan- 
gen  elektromagnetischer  Energie  bei  einem  Anten- 
nenpaar  auf  benachbarten,  gegenuberliegenden 
Seiten  einer  Antenne,  von  der  die  elektromagneti- 
sche  Energie  ausgesendet  wird,  und  einer  Einrich- 
tung  zum  Erzeugen  eines  Ausgangssignals,  das 
von  der  Differenz  zwischen  den  Signalen  abhangt, 
die  bei  dem  Paar  empfangender  Antennen  empfan- 
gen  werden. 

19.  Vorrichtung  nach  irgendeinem  vorangehenden  An- 
spruch,  wobei  die  elektromagnetische  Energie  eine 
Frequenz  von  wenigstens  1  00  MHz  besitzt  und  Ein- 
richtungen  vorgesehen  sind,  urn  ein  Signal  zu  er- 
zeugen,  das  Anderungen  der  Dielektrizitatskon- 
stante  der  Erdformationen  entlang  der  Langsachse 
des  Bohrlochs  angibt. 

20.  Verfahren  zum  Bestimmen  von  Eigenschaften  von 
ein  Bohrloch  umgebenden  Erdformationen,  wobei 
das  Verfahren  die  folgenden  Schritte  umfaBt: 

Vorsehen  mehrerer  Schlitzantennen  in  einer 
zweidimensionalen  Matrix,  die  in  einer  mit  der 
Bohrlochwand  in  Eingriff  befindlichen  Flache 
eines  Elements  an  einer  durch  das  Bohrloch 
beweglichen  BohrlochmeBvorrichtung  ange- 
bracht  ist; 
Erregen  der  Antennen,  urn  elektromagnetische 
Energie  in  die  Formationen  zu  senden;  und 
Empfangen  der  elektromagnetischen  Energie 
bei  den  Antennen,  dadurch  gekennzeichnet, 
dal3  die  Antennen  Kreuz-Dipolantennen  sind 
und  die  zweidimensionale  Matrix  wenigstens  2 
mal  2  Antennen  aufweist. 

21.  Verfahren  nach  Anspruch  20,  bei  dem  die  zweidi- 
mensionale  Matrix  wenigstens  4  mal  4  Antennen 
aufweist. 

5  22.  Verfahren  nach  Anspruch  21,  bei  dem  die  zweidi- 
mensionale  Matrix  wenigstens  7  mal  7  Antennen 
aufweist. 

23.  Verfahren  nach  Anspruch  21  oder  Anspruch  22,  fer- 
10  ner  umfassend  das  Messen  der  Phasenverschie- 

bung  und  der  Dampfung  der  empfangenen  elektro- 
magnetischen  Energie  und  das  Bestimmen  der  Di- 
elektrizitatskonstante  der  Formationen  an  mehre- 
ren  Azimutpositionen  urn  die  Bohrlochachse  an- 

15  hand  der  gemessenen  Phasenverschiebungen  und 
Dampfungen. 

24.  Verfahren  nach  irgendeinem  der  Anspruche  21  bis 
23,  bei  dem  die  Matrix  erste,  zweite  und  dritte  An- 

20  tennen  aufweist,  die  in  Langsrichtung  des  Bohr- 
lochs  hintereinander  angeordnet  sind,  wobei  sich 
die  zweite  Antenne  zwischen  der  ersten  Antenne 
und  der  dritten  Antenne  befindet,  ferner  mit  den  fol- 
genden  Schritten: 

25 
Senden  elektromagnetischer  Energie  von  der 
zweiten  Antenne  und  Empfangen  elektroma- 
gnetischer  Energie  bei  der  ersten  Antenne  und 
bei  der  dritten  Antenne;  und 

30  -  Erzeugen  eines  Signals  in  Abhangigkeit  von 
der  Differenz  zwischen  dem  an  der  ersten  An- 
tenne  empfangenen  Signal  und  dem  an  der 
dritten  Antenne  empfangenen  Signal. 

35  25.  Verfahren  nach  Anspruch  24,  wobei  die  elektroma- 
gnetische  Energie  eine  Frequenz  von  wenigstens 
100  MHz  besitzt  und  das  erzeugte  Signal  Anderun- 
gen  der  Dielektrizitatskonstante  der  Erdformatio- 
nen  entlang  der  Langsrichtung  des  Bohrlochs  an- 

40  gibt. 

Revendications 

45  1.  Dispositif  pour  determiner  des  proprietes  de  forma- 
tions  souterraines  entourant  un  trou  de  sondage, 
comprenant  : 

un  dispositif  (30,  34)  mobile  dans  le  trou  de  son- 
50  dage  (32); 

un  organe  (37)  monte  sur  ledit  dispositif  (34)  et 
adapte  pour  venir  s'engager  avec  la  paroi  du 
trou  de  sondage; 
une  pluralite  d'antennes  fendues  (330)  dispo- 

55  sees  dans  un  reseau  bidimensionnel  (44)  et 
montees  dans  ledit  organe  (37); 
des  moyens  d'excitation  (510,  545,  546,  610) 
desdites  antennes  pour  emettre  de  I'energie 
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electromagnetique  dans  les  formations;  et 
des  moyens  de  reception  (510,  545,  546,  610) 
de  ladite  energie  electromagnetique  auxdites 
antennes; 

caracterise  en  ce  que  lesdites  antennes  sont 
des  dipoles  croises  et  ledit  reseau  bidimensionnel 
(44)  comprend  au  moins  2  par  2  antennes  (330). 

2.  Dispositif  selon  la  revendication  1,  dans  lequel  les 
sondes  de  chaque  antenne  sont  couplees  auxdits 
moyens  d'excitation  et/ou  auxdits  moyens  de  re- 
ception. 

3.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  ledit  reseau  bidi- 
mensionnel  (44)  comprend  un  reseau  d'au  moins  3 
par  3  antennes. 

4.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  ledit  reseau  bidi- 
mensionnel  (44)  comprend  un  reseau  d'au  moins  4 
par  4  antennes. 

5.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  ledit  reseau  bidi- 
mensionnel  (44)  comprend  un  reseau  d'au  moins  7 
par  7  antennes. 

6.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  ledit  reseau  bidi- 
mensionnel  (44)  comprend  un  reseau  d'au  moins 
11  par  11  antennes. 

7.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  un  premier  groupe 
comprend  une  paire  d'antennes  non  adjacentes,  un 
deuxieme  groupe  comprend  des  antennes  entre  la- 
dite  paire  d'antennes  non  adjacentes,  et  ledit  dispo- 
sitif  comprend  en  outre  des  moyens  pour  exciter  se- 
quentiellement  lesdits  premier  et  deuxieme  grou- 
pes  d'antennes  non  adjacentes. 

8.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  les  centres  des  an- 
tennes  sont  le  long  d'une  ligne  droite. 

9.  Dispositif  selon  la  revendication  8,  dans  lequel  la- 
dite  ligne  droite  fait  un  angle  par  rapport  a  la  direc- 
tion  longitudinale  du  trou  de  sondage. 

10.  Dispositif  selon  la  revendication  8,  dans  lequel  la- 
dite  ligne  droite  est  perpendiculaire  par  rapport  a  la 
direction  longitudinale  du  trou  de  sondage. 

11.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  ledit  reseau  bidi- 
mensionnel  (44)  comprend  plusieurs  colonnes  ad- 

jacentes,  chacune  contenant  des  emetteurs  et  des 
recepteurs,  et  dans  lequel  lesdits  moyens  d'excita- 
tion  et  lesdits  moyens  de  reception  sont  operation- 
nels  pour,  respectivement  et  independamment,  une 

5  excitation  de  colonnes  differentes  et  une  reception 
a  des  colonnes  differentes  desdites  colonnes. 

12.  Dispositif  selon  la  revendication  11,  dans  lequel 
chacune  desdites  colonnes  a  une  disposition  T-RR- 

10  T,  R-TT-R,  TT-RR-TT  ou  RR-TT-RR. 

13.  Dispositif  selon  la  revendication  11  ou  12,  dans  le- 
quel  des  colonnes  adjacentes  sont  verticalement 
en  quinconce  pour  reduire  la  diaphonie. 

15 
14.  Dispositif  selon  I'une  quelconque  des  revendica- 

tions  precedentes,  dans  lequel  ledit  reseau  com- 
prend  une  pluralite  de  rangees  d'antennes  recept- 
ees  fendues  relativement  petites  et  une  antenne 

20  emettrice  fendue  relativement  grande  de  chaque 
cote  desdites  rangees  de  recepteurs. 

15.  Dispositif  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  comprenant  en  outre  des 

25  moyens  (510,  617,  618,  627,  628)  pour  mesurer  le 
decalage  de  phase  et  I'attenuation  de  I'energie 
electromagnetique  recue  auxdites  antennes. 

1  6.  Dispositif  selon  la  revendication  1  5,  comprenant  en 
30  outre  des  moyens  pour  determiner  la  constante  die- 

lectrique  desdites  formations  a  partir  dudit  decalage 
de  phase  et  de  ladite  attenuation. 

17.  Dispositif  selon  la  revendication  15  ou  16,  compre- 
ss  nant  en  outre  des  moyens  pour  determiner  la  con- 

ductivity  desdites  formations  a  partir  dudit  decalage 
de  phase  et  de  ladite  attenuation. 

18.  Dispositif  selon  I'une  quelconque  des  revendica- 
40  tions  precedentes,  comprenant  en  outre  des 

moyens  pour  recevoir  de  I'energie  electromagneti- 
que  a  une  paire  d'antennes  sur  des  cotes  opposes 
adjacents  d'une  antenne  depuis  laquelle  I'energie 
electromagnetique  est  emise,  et  des  moyens  pour 

45  produire  un  signal  de  sortie  fonction  de  la  difference 
entre  les  signaux  recus  a  ladite  paire  d'antennes  re- 
ceptees. 

19.  Dispositif  selon  I'une  quelconque  des  revendica- 
so  tions  precedentes,  dans  lequel  I'energie  electroma- 

gnetique  a  une  frequence  d'au  moins  100  MHz  et 
des  moyens  sont  fournis  pour  generer  un  signal  in- 
diquant  des  changements  dans  la  constante  dielec- 
trique  des  formations  souterraines  le  long  de  I'axe 

55  longitudinal  du  trou  de  sondage. 

20.  Procede  pour  determiner  des  proprietes  de  forma- 
tions  souterraines  entourant  un  trou  de  sondage,  le 

20 

50 

55 

11 
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procede  comprenant  les  etapes  de  : 

fourniture  d'une  pluralite  d'antennes  fendues 
dans  un  reseau  bidimensionnel  monte  dans 
une  face,  engagee  contre  une  paroi  du  trou  de  s 
sondage,  d'un  organe  sur  un  dispositif  de  dia- 
graphie  mobile  dans  le  trou  de  sondage; 
excitation  desdites  antennes  pour  emettre  de 
I'energie  electromagnetique  dans  les  forma- 
tions;  et  10 
reception  de  ladite  energie  electromagnetique 
auxdites  antennes; 

caracterise  en  ce  que  lesdites  antennes  sont 
des  dipoles  croises  et  ledit  reseau  bidimensionnel  is 
comprend  au  moins  2  par  2  antennes. 

21  .  Procede  selon  la  revendication  20,  dans  lequel  ledit 
reseau  bidimensionnel  comprend  au  moins  4  par  4 
antennes.  20 

22.  Procede  selon  la  revendication  21  ,  dans  lequel  ledit 
reseau  bidimensionnel  comprend  au  moins  7  par  7 
antennes. 

25 
23.  Procede  selon  la  revendication  21  ou  22,  compre- 

nant  en  outre  la  mesure  du  decalage  de  phase  et 
de  I'attenuation  de  I'energie  electromagnetique  re- 
cue,  et  la  determination  de  la  constante  dielectrique 
desdites  formations  a  une  pluralite  de  positions  azi-  30 
mutales  autour  de  I'axe  du  trou  de  sondage  a  partir 
desdits  decalages  de  phase  mesures  et  desdites 
attenuations  mesurees. 

24.  Procede  selon  I'une  quelconque  des  revendications  35 
21  a  23,  dans  lequel  ledit  reseau  comporte  des  pre- 
miere,  deuxieme  et  troisieme  antennes  disposees 
en  sequence  dans  la  direction  longitudinale  du  trou 
de  sondage  avec  ladite  deuxieme  antenne  entre  la- 
dite  premiere  antenne  et  ladite  troisieme  antenne,  40 
et  comprenant  en  outre  les  etapes  de  : 

emission  d'energie  electromagnetique  depuis 
ladite  deuxieme  antenne  et  reception  d'energie 
electromagnetique  a  ladite  premiere  antenne  et  45 
a  ladite  troisieme  antenne;  et 
production  d'un  signal  fonction  de  la  difference 
entre  le  signal  recu  a  ladite  premiere  antenne 
et  le  signal  recu  a  ladite  troisieme  antenne. 

50 
25.  Procede  selon  la  revendication  24,  dans  lequel  la- 

dite  energie  electromagnetique  a  une  frequence 
d'au  moins  1  00  MHz,  et  dans  lequel  ledit  signal  pro- 
duit  indique  des  changements  dans  la  constante 
dielectrique  desdites  formations  souterraines  le  55 
long  de  la  direction  longitudinale  du  trou  de  sonda- 
ge. 
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