1430 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 9, SEPTEMBER 2000

Enhancement of Reflected Waves in Single-Hole
Polarimetric Borehole Radar Measurement

Takashi Miwa, Motoyuki SatoMember, IEEEand Hiroaki NiitsumaMember, IEEE

Abstract—A polarimetric approach is presented to extract located close to antennas. This is more serious in borehole radar
information of reflected waves that is masked by the trans- pecause it uses antennas without any shielding structure in a

mitter—receiver directly coupled wave in a single-hole borehole i, yorehole. To enhance the reflected wave from radar targets
radar measurement. Radar polarimetry theory is expanded to an '

omnidirectional radar system with electric and magnetic dipoles many techniques have been proposed such as development
arranged on the same axis. First, we formulate the transfer Of antennas matched to surface [2], background subtraction

functions directly coupled between the antennas for cross-hole and procedure, synthetic aperture technique [3], pulse compression
single-hole arrangements in copolarized channels. We found that technique, and polarimetric technique [4]. However, it is not

the theoretical scattering matrices of the direct-wave coupling is gagy 19 apply these techniques to borehole radar measurement
identical to the scattering matrix from a dihedral corner reflector.

Second, we also consider signals in polarimetric channel ofawavebecause of its low flexibility of the structure of antennas,
reflected from a plane scatter in single-hole arrangements. As arrangement of the antenna, and the measurement system. The
advanced reflection borehole radar measurement, we demonstrate borehole diameter limits the system configuration of antennas
a technique for both reduction of the directly coupled wave and gnd measurement systems. Generally, the frequency between

enhancement of the reflected waves from a plane fracture with 10-100 MHz is used in borehole radar systems, which is lower
measured data in dipole—dipole and slot-slot antenna combina- ’

tions. For quantitative determination of the scattering matrix, we than that in the surface penetrating radar [S]. In this frequency
use a technique to compensate the antenna transfer functions by range, we can avoid an effect of guided waves along a borehole
the time derivative of the directly coupled signals in single-hole which corresponds to the surface reflections for surface pene-
measurement. Also, we propose a technique to reduce the directly trating radars. However, the near-field component of a directly

coupled component by adding vertical (VV) and horizontal (HH) ¢4y pled wave is dominant in the borehole radar systems over
signals and we showed that the directly coupled wave is effectively

reduced and reflected waves are enhanced with experimental data. "€S€ 10w frequencies. To reduce the directly coupled wave,
Finally, we show that this technique is more useful for near-range  COmmercial borehole radar systems use the antenna separation
reflector detection than a conventional subtraction technique with  much larger than the antenna length. Accordingly, the accu-
moving average of the measured waveforms. racy of the information of radar targets near the borehole is

Index Terms—Geologic measurements, radar polarimetry. decreased.

As a common signal processing technique, reduction of the
directly coupled wave has been achieved by subtraction of the
averaged waveforms of adjoining depths from the raw signal.

ROUND penetrating radars have good applicability tf the medium around the borehole is independent of the depth,
shallow subsurface sensing [1] such as geological survélyis method is effective and can enhance the reflection several
archaeological exploration, and detection of objects includimgeters away from the borehole. However, the resolution is not
man-made mines, buried pipes, and voids under pavemetfficient to determine the intersecting depth of plane reflectors
A transmitter—receiver coupled wave, which is caused bytaborehole and, also, this method has a possibility to suppress
wave reflected from the ground surface, lateral wave along tiie amplitude of the reflection from a point reflector far away
surface, and directly coupled wave between antennas, offewm the borehole. This method is suitable for the rough esti-
decrease the detectibility of shallow buried subsurface objedwation of the depth and the dip of plane reflectors from a radar
Isolation of the transmitter and receiver is essential in radafofile.
system design. However, it is not easy to achieve this for mostin order to reduce the directly coupled wave, we have studied
ground penetrating radar systems because the transmitterparimetric approaches. A cross-polarization measurement
ceiver separation must be small for detection of radar targéjstem with the combinations of dipole antennas and slot
antennas on a conducting cylinder was developed and suc-

. . . . cessfully applied to reduction of the directly coupled wave by
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The theoretical polarimetric characteristics have been analyz
in surface penetrating radar systems [9]. So, the reflected wan
are successfully enhanced by the transformation of the pol:
ization basis to the optimum polarization state. If we could hav
know the theoretical scattering matrices in the polarimetri
borehole radar system, we could expect to effectively enhan%
the reflected wave and reduce the direct coupling wave.
Generally, the radar polarimetry has been discussed with
both orthogonal electric field components on specific patlﬁ#%ulit'sf
illuminated by directional antennas [10], [11]. However, we

hav_e to treat a polarlmetn_c theory bgs_ed on electric and Ma%re,w, u, k, andé are radian frequency, the permeability, the
netic field radiated by collinear omnidirectional antennas. S

N : A ve number, and the angle betwdesndz, respectively. The
the determination of a scattering matrix is different betwee 9 * P Y

these theories. In this paper, we model the directly coupIéHeCtNelengme(T) of the small dipole is given as follows [12]:

wave and reflected waves in polarimetric single-hole radar I.(7) = Isin 60 = I# x (2 x #). )
measurements with electric and magnetic dipoles arranged

on the same axis. This model is used to extend the borehblere, we apply voltagéd to the transmitting electric dipole
radar polarimetry theory for an omnidirectional radar systemwith the input impedance’,; through the intrinsic impedance
We start with formulation of polarimetric channel signalg?, and defineV; to be the output voltage of a receiving elec-
of the direct wave in cross-hole arrangements and directlyc dipole antenna at away from the transmitter. The vector
coupled wave in single-hole arrangements. We also formulaffective length., andl.,. of the electric dipole defined for the
polarimetric channel signals of a reflected wave from a plaiansmitter and the receiver are given as follows:

scatter in single-hole arrangements. An equivalent scattering

matrices of the direct coupling and the plane fracture are lee = =lc(7) and I =1(-7). 3)
derived in same radar coordinate system for the polarimetric _.. .
borehole radar. Method to determine the scattering matrix froA ratio fqa O the output voltagd, to the exciting voltagex,

N : WoiCh is the far-field antenna transfer function, is defined by
the targets with single-hole measurements only is proposed an

. . . . . . ieq$sing the vector effective length for both the transmitter and the
discussed. Finally, a simple polarimetric approach is applied 10_ : .
receiver as follows [13]:

experimental data for reduction of the directly coupled wave
and for enhancement of the reflected waves. v, . I, I, . Isind \ 2
Jaa = Vo o Jwx(r) jwx(r) < )

Cross-hole arrangement model with electric dipoles and the equivalent
or a transmitter and a receiver.

R+Z4 R+Zs R+
(4)
Il. FORMULATION OF ANTENNA TRANSFERFUNCTION ,
where x(r) denotes the constant independent of the antenna
A. Direct Wave in Cross-Hole Arrangement characteristics and is defined as follows:
_,'k,,,
We successfully achieved polarimetric measurements over a x(r) = “RC_J (5)
wavelength 1-2 m in a borehole with the diameter of about 10 dar

cm [7]. Dipole antennas and axial slot antennas on a conductingNext, we consider a magnetic dipole. Fig. 2 shows a
cylinder were used in order to measure both orthogonal polgfoss-hole measurement model with the magnetic dipoles
izations. We had experimentally observed that the dipole ap@ented toz. When a small loop antenna having an ared of

the slot antenna operate in the borehole as an electric angnd a loop current,, the magnetic dipole produces a far-field
magnetic dipole antenna with the different dipole length, respagagnetic componeril; as follows [12]:

tively. Therefore, we can model the polarimetric borehole radar ‘ . ‘ .
system as a radar system with a combination of electric and/%e _ Jwee™ JopSILEx (3x#) = Jwee ™ Ll (7) (6)
magnetic dipoles oriented to the same direction. 4mr 47y "

We start with deriving the relationship of effective lengthyheres denotes the permittivity of the medium. Here, we can
between transmitter and receiver in electric and magnefigitrarily select the effective length, (#) of a magnetic dipole
dipoles. Fig. 1 shows cross-hole measurement model W§Rd its equivalent magnetic currefyt, which satisfy (6). Then,
electric dipoles. We defing and# as the unit vector oriented ijf we assume the schalar value of the magnetic cutdgrib be
to the dipole axis and the unit propagation vector, respectivelife feeding voltag®; at the transmitter, we obtain the effective

A z-directed small dipole having the lengthb&nd ! current |ength of the loop antenna with respect to the magnetic field as
produces the electric field as follows:

Lo(#) = ”‘”Z“S P x (5% 7) @)

5

P jwplle=kr <1 1 whereZ, is the inputimpedance of the small loop antenna. The
6 =

A jkr k27,2) sin6f. (1) transmitting and receiving vector effective length of the mag-
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Fig. 2. Cross-hole arrangement model with magnetic dipoles generated by
small loop antennas and the equivalent circuits for a transmitter and a receiver.
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-

Single-hole arrangement
Fig. 4. Single-hole arrangement model in reflection from a plane reflector.

respectively. In the magnetic dipole case, we can similarly dis-
o cuss with the duality of the electromagnetic field. Thus, the ax-

ially oriented H,, component is also dominant in the received

Fig. 3. Conceptual figure for a mechanism of direct-wave coupling ifhignals. The transmitting and receiving vector effective length

dipole—dipole combinations for single-hole and cross-hole arrangements. . .
solid and broken circles means the directivity of the far-figld component ¢mot andl,,q, with respect to thed,. component are given as

and near field&, component, respectively. follows:
. o . I _ _ JwpsS
netic dipole are given in the feeding manner shown in Fig. 2 as lnot = lmor = & (11)
follows: s
R From (10) and (11), we obtain the transfer functigipg and
It = Ly = 1 (7) (8)  f,.0 with respect to the directly coupled wave in dipole—dipole
. . N L Flnd slot—slot antenna combinations as follows:
respectively. From the equivalent circuit of the magnetic dipole
model shown in Fig. 2, we obtain the far-field antenna transfer ~ 2x(h) Lo leor  2x(h) [ 2
function f,,, which is the ratio of the output voltagé tothe 740~ 3" p 7 "Riz, ~  h R+ 7,
exciting voltagely as (12)
f _ ‘/s _ Ee_jkr Zsl'rnt RZslrnr and 9
88 — VO = Jw 47{'7’ R+ ZS R+ ZS f 0= 2X(h) ZslrnOt ) RZslrnOr _ 2X(h) < 7UJI,LS )
iy (1 50 o TR ERZ Rz T k7))
=gwxtr)| ————~
Jwx R+ 2. (13)

wheren denotes the characteristic impedance of the medium.These results imply that we can approximate far-field antenna
In the magnetic dipole case, the polarity of the vector effectieansfer functions by taking derivative of directly coupled waves
length of the transmitter is the same as that of the receiverintsingle-hole measurements. We treat the direct coupling wave
should be noted that the transmitting and the receiving electvigth the far-field approach in this formulation so this approach
dipole have an opposite polarity of the dipole moment to eaéhnot always applicable in the actual situation.
other, however, the transmitting and receiving magnetic dipole ] ] ) )
have the same polarity of the magnetic moment as each oth&: Scattering Matrix for Polarimetric Borehole Radar
_ o Here, we consider the single-hole reflection model shown in

B. Directly Coupled Wave in Single-Hole Arrangement Fig. 4. First, we define a vector effective lendth(#) of the loop

Here, we discuss direct-wave coupling in a single-hole aantennas with respect to the electric field in order to discuss the
rangement with small electric and magnetic dipoles. The megtattering matrix repersentation with vector effective length of
anism of the directly coupled wave has already been analyZ6é electric field. The electric field,, radiated by the small
[8]. In the dipole—dipole combinations, the radial component &gop in (6) is given by
the electric fieldE,. radiated from a small electric dipole is dom-

. . . - . . ) jwusS
inantly received at the collinear receiving dipole as shown in £, = —ij(r)‘] a

aa . \4
L(zx7) = ij(T)R +0Z La(r).

Fig. 3. The transmitting and receiving vector effective length (14)
Lo andl.,, with respect to the axially orientef, component  The transmitting and receiving vector effective lenggh and
are given by substituting = Z as follows: l.;,- are defined in this feeding manner as

leot =1z -#)r==12 and l..=1(—7 2)(-7) =12 - JORS o
ot ( ) 0 ( )(=7) (10) lelt:—lel(r):%(zxr)
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Fig. 5. Measured radar profiles in the polarimetric single-hole radar measurements with the antenna separation of 1.6 m, assuming a Gaussiorpulse wa
with the bandwidth from 30 to 100 MHz.

and A transmitting matrixXZ’, of the direct coupling between the
R ,'w S R R . . N " . . . _
Ly =log(—7) = _JwWH (5 x (=) = L, (15) transmitter and the receiver is similarly given by the matrix rep

i resentation from (12) and (13) as follows:

respectively. If we assume a flat plane reflector far away from Fo— <fsso 0 ) = ix(h)GToG- (19)
the borehole, the plane of incidence is uniquely defined as the 0 faao Jwh

plane including both the borehole a¥isaand the normal vector Here,

to the plane reflector. The reflected polarimetric sigifédsare

given as a matrix representation with an antenna transfer matrix T, = <1 0) ) (20)
G and a target-dependent matfy from a plane reflector by 0 -1

The difference of the matrix components betweEnand T
is caused by the change of the propagating direction between
F, = x(ri +7r2)GS,G. (16) reflection and transmission.

Here, Ill. POLARIMETRIC REFLECTION ENHANCEMENT IN
SINGLE-HOLE MEASUREMENT

Using the formulation obtained in the previous section,
i e we propose a method to enhance reflected waves against the
G =+ \ju B+ Zs) ; (17) directly coupled wave, which is important in practical measure-
ments. The measured signAl,, in polarimetric single-hole
radar measurement is expressed by usingirthgtu antenna
transfer matrixG by

JwpS

R+ Z,
and

S, =sinf,sinb, <FTE(9) 0 ) (18)

0 _FT]\'T(H) Frn :FO + Fp, m

wheref, I'rg(8), Tty (8), 6: andd,. denote the angle of inci- =G <2X—(h) To+ x(r1, m + 7o, m)SW,l) G (21)
dence, the reflection coefficient of TE and TM wave from the Jwh

plane reflectors, and the angle betweéens,, andz, shown in where the bar denotes the measured value and the subscript
Fig. 4, respectively. This representation corresponds to a defenotes to the measuring depth. Here, the first term denotes the
nition of a scattering matrix in the polarimetry theory [10]. Thalirect coupling and the second term denotes the reflected signal.
assumed feeding manner a@dare important to determine theGenerally, the first term is much larger than the second term in
scattering matrix in the radar coordinate system. (21). In addition, the second term is a function of the reflected
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6*10° 1 ] | T T T . Now, we can determine the scattering maSix by applying
the @' to the measured polarimetric single-hole signals as

Dipole - Dipole S = S Suv) _ G 'F,,G . (24)
3*104 S‘/fH S‘/f‘/f
(0]
E Here, we consider the particular case to show the difference of
g- the scattering matrix between the direct coupling wave and the
< Slot - Slot reflected wave. When the target is a plane reflector far away

010 —— from the borehole, the angle of incidence is almdsflbie ma-
trix component of the scattering matr&, should be an unit
matrix. Then, we obtain a simple formula of the estimated scat-

7 tering matrix by using (18) and (19)
-3*10° L ] ! |
0 20 40 60 80 100 _ 2 /1 0
Time (ns) S = X( )
jwh \0 -1
@ . 9 10

200 T T T + X(Tlml + T2, m)I'(0) sin” 6, <O 1) - (29)

150}~ Equation (25) shows that addingy;; and Sy cancels the

the TE and TM wave. Therefore, the polarization filtering of
Sur + Svv gives information of only the radar targets.

; . energy of the directly coupled wave and enhances the reflec-
Dipole - Dipole .
100 tion from a plane reflector. Th& gy + Sy corresponds to
\/ the summation of the amplitude for the reflection coefficient of

Amplitude
[$3]
(=]
T

Slot - Slot

IV. APPLICATION TO FIELD DATA

A. Single-Hole Measurement

Field experiments were carried out in a field laboratory
-10?00 1;0 14'10 1(’30 1:30 500 of Tohoku University, Kamaishi Mine, Iwate, Japan [6]. The
! host rock is granite and its relative dielectric constant and the
Time (ns) conductivity are eight and less than 0.005 S/m, respectively.
(b) From the gallery, we can observe the fractures filled with water
Fig. 6. Comparison of the time derivative of the averaged single-hol®aving aperture less than 0.1 cm and containing wet clay layer
waveforms to cross-hole waveforms obtained with separation of 11 m in theyving aperture of about 3 cm. They can be main radar targets.
ig?;i;'g_'%)orc?gg_Eg:grﬁgggfgsr'm(_a) Time-gerivative waveform of the dire tanned frequency radar-system-based on a network analyzer
(HP-8752A) was employed. The optical analog transmission

. . . . link achieves the signal transmission between the network
point, although the first term is a constant with respect to trgie g

. — halyzer on the ground surface and the antennas in a borehole
measuring depth. Thus, averagifig, over the measured depth y g

aporoximately vields the directly counled wave in each anten 7]. The antennas were set in a hollow fiberglass cylinder for
bp vy y P insulation from water filling a borehole.
arrangement as

We conducted polarimetric single-hole measurement with the

1 N 25 (h) antenna separation of 1.6 m in the well KR-4. Fig. 5 shows
Fope=— Z ., ~ XY ara. (22) the radar profiles obtaind with the inverse Fourie transforma-
N = Jwh tion of the measured frequency-domain data assuming Gaussian

_ ) ) . pulse waveform having a bandwidth from 30-100 MHz . We
And G can approximately be determined by using the averaggQy a¢ the detectable radar range is about 5 m in this partic-

single-hole signald’a,c, 5o and £ave,aq in the slot=slot and 5, fiely. Differences in amplitude and the waveform can be

dipole-dipole arrangement as also observed for different antenna combinations. A conven-
o ioh (T tional borehole radar can obtain only the radar profile of the

2 ~v Jw F(m;e,ss 0 . . . .
G = —2X(h) 0 Sy (23)  dipole—dipole arrangement. The higher frequency is found to

be dominant in the slot-slot antenna arrangement than that in
This approximation is theoretically valid only when the currerthe dipole—dipole arrangement. However, the directly coupled
distribution on the antennas is constant. However, it is justifiedave is relatively weak in the slot—slot arrangement. It is diffi-
by FDTD simulation and field experiments [8] when the ratio ofult to distinguish the reflections in the copolarization arrange-
the antenna separation to the dipole length is larger than 1.6 aneints because a large directly coupled wave masks small re-
when the frequency range is less than the resonant frequendjected waves. While we can easily find the reflected waves in
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Fig. 7. Compensated radar profiles with the inverse fik&rs made with the time derivative of the averaged single-hole signals. The bandwidth of compensated
signals is limited from 50 to 100 MHz.

the cross-polarization configurations due to better antenna iso-

lation. However, the reflection from a reflector detected at 6 m

in the dipole—dipole arrangement is relatively weak in the cross-
polarization component because the cross-polarization compo- =
nents are sensitive to surface roughness of a fracture. If the frac- ;—:E/
ture have smooth surface, depolarization cannot be observed B8
theoretically. o

B. Reflection Enhancement ik

[E: N ] AR ol )
The time derivative of the 150 averaged single-hole wave- 0 %0 e 150 200
forms in both the antenna combinations are showed in Fig. 6. Tiomeang)
The cross-hole waveforms measured in the same field is aﬁé’ 8. Result of elimination of the directly coupled wave from the
showed in the same figure. Both waveforms are similar #@mpensated radar profile by adding HH and VV components in Fig. 7.
each antenna combination. Moreover, amplitude ratio of the
cross-hole signal to the averaged single-hole signal is almosFig. 8 showsSg g + Sy component in the compensated
same between the dipole—dipole and slot-slot combinatiopglarimetric radar profiles. We find that the directly coupled
Fig. 7 shows radar profiles compensated with the inverse filtekgves could be completely removed on the radar profile and can
G ! of the time derivative OfF 4, 55 and Fa,e, a¢, Which clearly recognize the reflected waves near the borehole, which
were shown in (23). We observe that these filters compensate could not ever have obtained. Reflections from plane reflec-
the difference of the amplitude and frequency characteristits's are observed across the borehole at 2 and 6 m. The signifi-
caused by the difference of the antenna transfer functiorsnt large reflected waves less than 30 ns are influenced by the
However, a pulse compression effect is not so significanear-field radiation at those depths. The reflection by the near
because the compensated signals are limited by a banddiedd is also enhanced because the relationship of the polariza-
filter having bandwidth between 50 and 100 MHz, where thi#®n characteristics betweél, and S, is maintained even in
averaged single-hole signal can be identified as a signal diredtig near-field radiation. We can observe the difference of the po-
coupled by the near field. The amplitude of the directly couplddrity of the reflection coefficient between the reflectors at 2 and
wave in the cross-polarization components is much smal@m. The existence of clutter in a lossy medium often makes it
than that in the copolarization components. The theoretiddifficult to distinguish the phase information of reflected waves
analysis of the measured transmission mdktshown in (20) in conventional borehole radar measurements because the de-
is experimentally validated. tectable distance shorten to less than several times of the used
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Fig. 9. Result of elimination of the directly coupled wave from the radar profile by subtraction of the averaged waveforms of the 11 adjacentrtrdees fro
waveform at each center depth as a conventional technique.

spatial pulse width in such the lossy medium. Fig. 9 show theave in borehole radar measurement. The received signals in
radar profile subtracted the averaged waveforms of the 11 gaarimetric borehole radar were analyzed, assuming usage of
jacent traces from the waveform at each center depth. This islactric and magnetic dipoles as a transmitter and a receiver.
conventional signal processing commonly used for the enhand&e antenna transfer functions and the directly coupled wave
ment of the reflections. These figures also give the informare quantitatively represented with the effective length of elec-
tion of the existence of the fractures. However, the phase inic dipoles and magnetic dipoles. The general representation
formation is found to be poor and the amplitude of the reflectexd a scattering matrix from plane reflectors was derived in po-
wave is essentially reduced by this subtraction procedure. Thiagimetric borehole radar measurement. In single-hole measure-
Sum+ Syy give more accurate information of reflected wavements, it was theoretically shown that the transmission matrix
near the borehole. It is very important for further characterizéor the directly coupled wave have the feature of the scattering
tion techniques of reflectors to be able to obtain the amplitudeatrix from a dihedral corner reflector as shown in (20) al-
and phase information. though the scattering matrix from a plane reflector is almost the
In addition, a parabolic reflection profile from a point targetinit matrix.
can be observed at 11 m around 45 ns in Fig. 8. On the otheheoretical analysis in single-hole measurement yields a
hand, the procedure of the subtraction of the averaged waugchnique to effectively remove the directly coupled wave and
forms reduces the parabolic reflection profile reflected fromg enhance reflections, which was masked by the directly cou-
point target far away from borehole as shown in Fig. 9(d). fled wave, from plane reflectors. This technique is composed
reflection from a point target has the same scattering matrix §swwo phases. In the first phase, to estimate the scattering
a plane reflector and is also enhanced by summation betwgggix the antenna transfer functions are compensated with the
the copolarization components. Therefore, this technique is gfqe derivative of the directly coupled signals determined by
fective for acquiring the target information not only near thg,eraging all the received signals. In the second phase, taking
bprehole but also away from the borehole. In add|t|or_1, the teﬁtpl—e summation of the VV and HH components of the estimated
nique of the. subtraction of the averaged waveform is eﬁec“%%attering matrix gives the information of reflected waves.
in only relatively homogeneous medium around the borehole.\y aye demonstrated the validity of this method with
However, the presented te chnique is useful |_ndepende_ntly Ofagﬁarimetric single-hole measurement data obtained in granite
_homogenelty of the medium beca_lusg the direct cgu_plmg Wapsek with dipole antennas and slot antennas on a conducting
is suppressed by use of the polarization characteristics. cylinder. The directly coupled signals in the both dipole—dipole
and slot—slot antenna combinations were determined for a
bandwidth between 50-100 MHz by averaging the 150 raw
In this paper, polarimetric approach has been used for redsignals. Then situantenna transfer functio® were compen-
tion of a directly coupled wave and enhancement of a reflectedted with the time derivative of the estimated directly coupled

V. CONCLUSION
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signals so that a full-polarimetric borehole radar profile wag13] M. Sato and R. Thierbach, “Analysis of a borehole radar in cross-hole

successfully estimated with only single-hole measurement data. Tgogdfﬁ"'EEE Trans. Geosci. Remote Sensivg. 29, pp. 899-904, Nov.

The Sgy + Syv procedure completely reduces the directly
coupled waves and enhances the reflections from the plane re-
flectors. We conclude that the proposed antenna compensation
technique and polarization filtering techniquef i + Syv
are effective to obtain the information of the reflected wave
without reduction of the amplitude of the reflection from the
target near the borehole. We think that these techniques are i
more useful for obtaining the phase information of the reflecte
wave in lossy or inhomogeneous medium than the conventiol
signal processing.
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