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FAST EVALUATION OF RADIAL AND VERTICAL MAGNETIC
FIELDS NEAR A RECTANGULAR LOOP SOURCE ON A LAYERED
EARTH

Walter L. ANDERSON*

A fast Hankel transform (FHT) algorithm is used to compute simultaneously parametric (or
geometric) soundings for radial and vertical magnetic fields inside or outside a rectangular loop
source on the surface of a layered earth. The FHT uses concepts of related and lagged convolutions
(linear digital filtering), and, when applied to the rectangular loop problem, reduces each field
calculation to four elementary spline integrations. For parametric soundings, the FHT is called once
for each frequency; for geometric soundings, only a single execution of the FHT is required to obtain
both field components. Numerical comparisons of the FHT method with existing dipole, circular,
and other rectangular loop forward solutions show that at least three-figure accuracy is achieved
with greatly reduced computation time. Consequently, future inverse solutions in both frequency-
and time-domains would become as practical for a rectangular loop as for a dipole source.

Keywords: electromagnetic methods, numerical modeling, frequency domain, layered model, Hankel
transform

1. Introduction

Well known methods exist for calculating the electromagnetic (EM) fields
at any distance from an oscillating vertical magnetic dipole or horizontal dipole
source [e.g., Frischknecht 1967; Wait 1958; Wait 1966]. Linear digital filter-
ing algorithms [e.g., Anderson 1979] provide rapid and accurate calculations
for dipole sources. Kauahikaua [1978] presented a method for computing the
electric and magnetic field components about a straight horizontal finite-length
grounded wire source over a layered earth. Recently, Poddar [1983] developed
the solution for the vertical magnetic field about a rectangular loop source of
current on a multilayered earth. Poddar’s solution used four separate double
numerical integrations, and by superposition, obtained the total magnetic field
inside or outside the rectangular loop at arbitrary positions. K ristensson [1983]
also presented a method of computing the EM field components in a layered
earth for a general current distribution, including a horizontal rectangular loop
source; his method, however, required direct evaluation of integrals and series
involving Bessel functions.

The question of why a rectangular loop is specified here over a more general
or arbitrary line segment loop naturally arises. Boerner and West [1984]
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presented an interesting method to compute efficiently the EM fields of an
extended wire source. They suggested using the FHT algorithm (as proposed
in the present paper, and published by Anderson, [1982]) to compute all Hankel
transforms for a given field component by lagged convolution, and as required
over all spatial distances for a given wire configuration. The total field is then
computed by a weighted summation using weights derived from a precomputed
quintic spline. However, the technique is often applied in practice to simple
geometric sources that are easy to set up, such as a square or rectangular loop.
This simplifies recording end-point coordinates in the measurement environ-
ment. Boerner and West’s method is quite similar to my method, except they
apparently proposed using it to compute only a single field component for each
FHT execution.

This paper presents a new method to compute in one pass the radial (Hr)
and vertical (//,) magnetic fields about a rectangular loop source on a layered
earth. The basic formulations for each field component reduce to four adaptive
finite spline integrations, after first computing all related and lagged Hankel
transforms using a single call to the FHT algorithm. Parametric (frequency) or
geometric (distance) soundings for Hr and Hz can be computed at arbitrary
points inside or outside the rectangular loop source of finite dimensions. The
rectangular loop is assumed to be placed on the earth’s surface and the layers
are parallel to the surface. Displacement currents are neglected (quasi-static
case) for all computations.

Recent advances in evaluating Hankel transforms by the FHT algorithm
[Anderson 1982] lead naturally to this new approach, which extends Poddar’s
[1983] solution for Hz to include Hr (or simultaneously Hx and Hy) field com-
ponents. This method is intended to provide a practical tool for studying the
frequency response near the loop where a dipole source cannot be assumed. In
most physical situations, it is easier to lay out a square or rectangular wire loop
than a circular loop; consequently, this method should be more appropriate
(and efficient) than an exclusively circular loop computation [e.g., Ryu et al.
1970].

Some tests were made with small loop sizes and large spacings to simulate
a dipole-dipole case. Both Hrand Hz results agreed to about 3-place accuracy
with existing dipole source results [Frischknecht 1967]. Tests were also made
using the same rectangular loop source and models as given by Poddar [1983],
which included Hras well as # z components; these results are discussed and
illustrated in a following section.

A natural extension of the rectangular loop frequency-domain response to
the time-domain can be made using a suitable Fourier transformation; e.g., see
Anderson [1985], where only the H, transient response is treated.
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2. Theory and computations

Fig. 1. Loop geometry at z=0 (earth’s surface),
where (A, Y) is the observation point, and (X',
Y) is any point on the rectangular loop source
/. &xa. A hurok geometriaja z=0-nal (a fold
felszinén), ahol (X. Y) a mérési pont és (x', y")
a téglalap alaku hurokforras tetszéleges pontja

Pue. 1 leomeTpuyeckune gaHHble KOHTypa. z=0
(noBepxHocTb 3emnn), (X, Y) - Touka
namepeHus, (X', y') - ntobas Touka
NpsMOYroNHOro KOHTypa

Figure 1 shows the coordinate system and geometry of a rectangular loop.

Line segments [ (-a, b\ (a, b)], [ - b); {& 6)], [(-a, -b); (a - b)], and
[(-a, -b); (—a, &) are denoted respectively as lines LI, L2, L3, and L4. The
length of lines LI and L3 is 2a, and of lines L2 and L4 is 2b.

The magnetic field inside or outside a rectangular loop can be formally
obtained by a suitable summation of the results from four separate finite
grounded wires as defined in Kauahikaua [1978]. However, the rectangular
loop problem is simpler, because there are no currents injected into the earth
at the ends of each wire segment. The formulas in Kauahikaua [1978] are
written in a form such that the contribution from currents at the wire ends may
be readily neglected; this fact will be used below in the Hr loop development.
Poddar [1983] derived his solution for a rectangular loop by starting with the
electric field due to a magnetic dipole and then applying reciprocity. From
Poddar [1983], the vertical magnetic field Hz at any point (X, Y) for a loop
source with current / exp(iwt) is

Hz = I(HLL+ HL2+ HL3+ H1)/2n, D

where

HL = -(b-Y) j (dx/r) JkX)Jt(I)dA 1 Ry
HL2= ~(a-X) Ea(dy'lr)\] kQOh (N dA 2= R;

His  mb+Y) § (@) Ik IXE) dA  r2= R ©
HL* = ~(a +X) _?b(dy'/r) ng(ADJi (A)dA 2 - Rj
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R\ = (x"-X)2+ (b- Y)2,
R2 = {a-X2+ (y"-Y)2,
R\ = {x"-X)2+(b+Y)2 Y}
R2= (@t X)2+ (y"~Y)2,

and k(X) is a recursive complex kernel function [Poddar 1983] containing the
factor exp( - Xz), z> 0. The Hankel transforms in equations (2) do not converge
if the observation point is on the surface (z=0). To overcome this problem,
Poddar setz = 10”3meters in k(X, z). This approach was not used in this paper,
because some advantage is gained using z= 0 and the fast converging formulas
derived by K auahikaua [1978]. Here the half-space response was removed from
k(X) and a closed-form expression added outside the integrals. This modification
to equations (2) becomes

HL = -(b-Y) j (dx/r) {hi (W} r2 R\in (@)

H12= ~(a-X) J @M {* () r2 R2in @

@)
HLi = ~(b+Y) ] (dx'/r) {hz(nN}, r2 R2in(3)
HL = ~{a+X) jk; (dy'/r) {hi ()}, r2 Rl in (3),
where
K'S(r) - (™) dA-i O[h°z(B)V/(2r% ®)

h° (B) = 3—{3+ 35(1+/)+ 2iR2} exp[- (1+ i)B], =(-1)12
B=1r/6, 0=[2<tV/0d)]V2 o= 2nf, > 0 frequency (Hertz),
<, = conductivity of layer 1 (Siemens/m),
/10 = 4n10"7 permeability of free space (Weber/Am),

and
/4 (X0) is defined in Kauahikaua [1978] as/ 4 (g).

(The complex recursive expressions used in/4(g) and all associated formulas
and notations are explicitly listed in K auahikaua [1978, p. 1019-1021], and will
not be repeated here; note thatf A(g) contains all the parameters defining the

layered earth model.)
Equation (5) is a continuous complex function defined for all r in [rin, rmal,

where rminand rmex are the respective minimum and maximum values of distan-
ces from (X, ¥) to all points on the rectangular loop. The Hankel transform and
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other expressions in equation (5) are in general required over different subinter-
vals of r for each definite integral in equations (4). If equation (5) is sufficiently
discretized over all r in [mi,, rmax], then a single predetermined spline interpolat-
ing function (denoted by superscript 5) can be used instead of equation (5)
directly for each definite integral. Thus the four double integrations in equations
(2) are essentially replaced by four single spline integrations in equations (4).
The Hankel transform evaluations in equation (5), coupled with a lagged
convolution (or discretation) over all r in [rm,, rma], is greatly facilitated by
using the FHT algorithm, which is the principal reason for the fast computation
times possible using equation (5). Once equation (5) is precomputed by lagged
convolution and saved for all rin [rmin rmex], then equations (4) can be evaluated
by elementary spline integration [A1berg et al., 1967, p. 44], or by adaptive
Gaussian quadrature [Patterson 1973] using a spline-defined integrand. Note
that the above procedure must be repeated for each new frequency for parame-
tric soundings, but only a single execution of the FHT is needed for geometric
soundings.

The Hrradial field component is derived by analogy with Hz above, using
the formula for HYinin K auahikaua [1978], but neglecting the term due to the

wire ends. The Hr field at any point (X, Y) becomes,

Hr = Hx(J/No) + Hy(Y/R0), R@= X2+Y2, (6)
where
Hx 1 ( hL2+hL4/27i, Hy 1{ hn+hL3)/2n,
hi = - J (dx'/r) {hs ()}, r2=Rj in (3
Ki :'_'!:W/r){hs(% r2= R2in (3)
kv = = L wir) [hs (), r2= R2in (3) ()
hn =~ _\b]wn) {hs (I)}, r2= R2in (3),
hs(r) = -{B 1 (M) o (Jr)d2+-1[r3(I0{B)K, (O
(8)

- Lm om -2il B)K{A,
B = A(1+0/2, /= (-1)12 B = 1/6,

and /0, /j, KO, Kt are modified Bessel functions of orders 0 and 1

Equation (8) is replaced by a precomputed spline function analogous to
equation (5). Modified Bessel functions are needed initially in equation (8) to
compute the spline coefficients, but they are not required while performing the
four spline integrations in equations (7).
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Computation of all Hzand Hr Hankel transforms required in equations (5)
and (8) are obtained rapidly by the FHT algorithm using related and lagged
convolutions [Anderson 1982]. Observe that both Hankel transforms in equa-
tions (5) and (8) have the same kernel function/4 (AO), but have different order
Bessel functions. The FHT algorithm was developed to integrate in parallel both
orders 0 and 1 for any arbitrary transform argument range by lagged con-
volution, and to simultaneously provide for algebraically related kernels (in this
case, the kernels are identical). Thus, with one execution of the FHT algorithm,
a complete 2-column matrix of Hankel transforms (orders 0 and 1) is computed
over a small digitized interval in r equivalent to the digital filter sampling
interval (specifically, 0.2 in log-space). Therefore, both Hr and Hz field com-
ponents are obtained in nearly the same time as would be required to evaluate
a single component. Optionally, the Hx and Hy orthogonal components at (X,
T) can be computed instead of Hr. Observe from equation (6) that H. = Hx if
Y=0, and Hr = Hy if AT=0.

The Hankel transforms in equations (5) and (8) are zero for a half-space
model, which is one benefit of using the z=0 formulas from Kauahikaua
[1978], instead of the z>0 case of Poddar [1983]. The general expressions in
equations (5) and (8) apply to either parametric or geometric soundings, thus
providing a unified mathematical treatment.

3. Computer program

A computer program (HRZRECT) that implements the algorithm presen-
ted in this paper is documented in Anderson [1984]. The code was written in
FORTRAN-77 for a VAX-11/780 VMS system, and is listed in Anderson
[1984].

4. Examples and discussion

Examples of soundings for various models computed using program
HRZRECT are summarized graphically in this section. Numerical results and
VAX execution times corresponding to these plots are tabulated in Anderson
[1984]. Typically, complete geometric soundings for both Hrand Hz take about
2 to 5 CPU-seconds on the VAX computer. As would be expected, execution
times are slightly larger for points very near the source. In general, it is recom-
mended that (X, Y) should be chosen such that r>min(u, b)/10 for all r.
Usually, points very close to the source loop are of little practical interest, and
should be avoided. Furthermore, a small saving is achieved in summing equa-
tions (1) and (6) whenever (X, Y) ischosen symmetrical with respect to the loop
sides (e.g., 3f>0, Y=0).
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The Hz results plotted in Figures 2 and 3 duplicate respectively the para-
metric and geometric soundings illustrated in Poddar [1983]. The same models
were used to compute Hrin parallel with Hz, and are also plotted in Figures 2
and 3.

Poddar [1983] compared his results with Ryu et al. [1970], where the latter
authors used a circular loop source. As shown in Figure 2, the FHT method
agrees quite well with the results from Poddar [1983, Fig. 2] and Ryu et al.
[1970]. The amplitude scale in Figure 2 is unnormalized (Amps/m.) as in
Poddar’s Figure 2; however, a normalized mutual coupling ratio F3jZ0was used
in Figure 3, instead of amplitude given in dB as in Poddar’s Figure 3. The
normalization factor Z0is defined as the free space field from a rectangular loop
source of current and is given by Poddar [1982, p. 104]. The //,/Z0 mutual
coupling ratio amplitude in Figure 3 approaches unity for all soundings near
the loop for X> 200; and as expected, the # r/Z0amplitude approaches zero near
the loop center for all Hr soundings.

The behavior of the Hr and Hz fields outside the rectangular loop for the
same model as in Figure 3is depicted in Figure 4. Figure 4 shows the normalized
Hr and Hz field geometric soundings for Y=0 and Z>300. Note that the
amplitude of HJZO0 approaches unity near the source (as in Figure 3), but
depending on the layer thicknesses, it can either increase or decrease from unity
as X increases. The behavior of //r/Z0 similarly approaches zero on either side
of the nearest rectangle leg. The field components are continuous as the source
is approached by (X, Y), but nevertheless, they cannot be evaluated accurately
at extremely small r values.

The field components in the first quadrant outside the loop, near the corner
point (250, 250), are illustrated in Figure 5, where Y =275 and X>0 were used
in the geometric soundings. The flat responses for 0< Z< 250 in both amplitude
and phase spectra are due almost entirely to the nearest rectangular leg. For
Z>250, all four legs begin to contribute more to the total field at larger r
distances.

As a final example of parametric soundings, the model in Figure 2 was used
with two different layer thicknesses, and computed at the observation point
(2,3), wich was specifically offset from (0,0) so that Hrwas non-zero. The results
are given in Figure 6.

The unnormalized amplitude shapes for Hrand H, in Figures 2 and 6 are
somewhat similar; however, a noticeable phase jump from -180 to +180
degrees occurs for Hrinside but not outside the loop (compare Figures 2d and
6d). This is an artifact of representing phase angles in the range (-180, 180)
degrees instead of (0, 360) degrees. A choice was made so that the phase angles
of Hzand HJZ0were in the same quadrants inside or outside the loop, whereas
the phase angles of Hror HJZ Qdiffered by 180 degrees inside and outside. Thus
the phase angles of the unnormalized fields and normalized fields are identical
and in the same quadrants for points outside the loop, but are 180 degrees
out-of-phase for points inside the loop. Regardless of how phase angles are



346 W. L. Anderson

defined for normalized or unnormalized fields, this could lead to difficulty, for
example, in joint inversion of phase data taken both inside and outside a
rectangular loop. Of course, the use of real and quadrature soundings (instead
of amplitude and phase) would alleviate this cumbersome situation.

Fig. 2. Parametric soundings outside a square loop {a=b~ 10m) at a distance of Y= 100 m
from the loop center, and computed over a given induction number (B= R0/5) range. The
2-layer model form Poddar [1983, Fig. 2] was used, where 0,=0.01 S/m, c2=0.3 S/m, and
h was varied as indicated in the legends
a) Unnormalized amplitude H, versus B.
b) phase Hz versus B.
¢) unnormalized amplitude Hrversus B. and
d) phase Hr versus B

2. abra. Paraméter szondazasok a négyzetalak( hurkon kivil (a=b= 10 m), a hurok
kozéppontjatol Y= 100 m tavolsagra, egy adott indukcié szam (B= RQjb) tartomanyon
szamitva. Poddar [1983, 2. abra] 2-réteges modelljét hasznaltuk, ahol 02=0,01 S/m, a2=0,3 S/m
és h Ugy valtozott, ahogy azt a jelmagyarazat feltlinteti
a) A normalatlan H_amplitad6 B fliggvényében,
b) a H: fazis B figgvényében,
¢) anormalatlan Hr amplitid6 B fliggvényében és
d) a Hrfazis B fiiggvényében

Puc. 2 MapameTpuueckne 30HAMPOBaHUA BHE MPAMOYrOAHOr0 KoHTypa (a=b= 10 m)

B pacctosHun Y—100 M OT UeHTpa KOHTYpa; 418 AaHHOTO WHTepBana uncen MHAYKLUW
(B=R,,/8). Ncnonb3oBaH ABYXCNONHbIA Mofens Mopaapa [1983, puc. 2], npu kotopbim: 0!= QQL
cumeHc/m, a2=0,3 cuMeHc/M. VIn3MeHsieTca COrnacHO PUCYHKY
a) HeHopMMpOBaHHaa amnaAuTyga H, B 3aBMCMMOCTM OT B.
b) ¢asa H, B 3aBucumocTn ot B,

C) HeHOpPMMpOBaHHasa amnAuTyga H, B 3aBUCUMOCTU OT B.
d) d¢asa Hr B 3aBucumocTu oT B
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Fig. 3. Geometric soundings inside a square loop (a=b= 250 m) at Y=0 where X was varied
from 25 to 225 m in increments of 25 m. The 3-layer model from Poddar [1983, Fig. 3] was
used, where crj =0.01 S/m, cr2=0.03 S/m, ¢r3=0.001 S/m, /1, =3 m,/ = 1344 Hertz, and h2 was
varied as indicated in the legends
a) Normalized amplitude HJZO0 versus X,
b) phase HJZO0 versus X,
¢) normalized amplitude # r/Z0 versus X, and
d) phase FIjZ0 versus X

3. abra. Geometriai szondazas a négyzet alak( hurkon belil (a=b=250 m) T=0-nal, X pedig
25-t61 225 m-ig novekedett, 25 m-es lépésekben. Poddar [1983, 3. dbra] 3-réteges modelljét
hasznaltuk, ahol a, =0,01 S/m, cr2=0,03 S/m, cr3=0,001 S/m, h1=3 m,/=1344 Hz és h2 gy
valtozott, ahogy azt a jelmagyarazat feltlinteti
a) A HJZO0 normalt amplitadé X fliggvényében,
b) a HJZO fazis X fliggvényében,
¢) a HJZO0normalt amplitadé X fliggvényében és
d) a HJZO0 fazis X fliggvényében

Puc. 3. AucTaHUMOHHOE 30HANPOBaHME BHYTPKU KOHTYypa (4= 6= 250 m), T=0; X n3meHseTcs
no 25 m ot 25 m fo 225 M. Micnonb3oBaH TpexcnoiHblii mogenb Mopaaapa [1983, puc. 3], npu
KoTopom e, = 0,01 cumeHc/m, a2=0,03 cumeHc/m, c13= 0,001 cumeHc/m, J1=3 m,/= 1344 Ty,
J1, N3MeHSAETCA COrNacHo PUCYHKY
a) HopmupoBaHHas amnautyga H2Z0 B 3aBucMMOCTM OT X,
b) ¢asa HzjZa B 3aBucumoctu ot X,
C) HopmMupoBaHHasa amnnuTyga HrjZ0 B 3aBUCMMOCTU OT X,
d) dasa HJIZO0 B 3aBcMmocTn oT X
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Fig. 4. Geometric soundings outside a square loop (a=b=250 m) at Y=0 where X was varied
from 300 to 1000 m in increments of 100 m. The 3-layer model from Poddar [1983, Fig. 3] was
used, where cti=0.01 S/m, cr2=0.03 S/m, 03=0.001 S/m, h, =3 m, f= 1344 Hertz, and h2 was

varied as indicated in the legends

a) Normalized amplitude HJZ0 versus X,
b) phase HJZO versus X,
¢) normalized amplitude HrlZ0 versus X, and
d) phase HfZO0 versus X

4. dabra. Geometriai szondazasok a négyzet alak( hurkon (a=b=250 m) kivil Y= 0-nal,
X pedig 300 m-t6l 1000 m-ig valtozott 100 m-es lépésekben. Poddar [983, 3. abra] 3-réteges
modelljét hasznaltuk, ahol cr*O.0l S/m, c2=0,03 S/m, a3=0,001 S/m, h1=3m,/=1344 Hz
és h2 ugy valtozik, ahogy azt a jelmagyarazat feltiinteti
a) A HJZO0normalt amplitad6 X fiiggvényében,
b) a HJZO0 fazis X fliggvényében és
¢) a HrZ0normalt amplitidé X fuggvényében
d) a HJZO0 fazis X fliggvényében

Puc. 4. AncTaHUMOHHbIE 30HANPOBaHNA BHE KOHTYpa (@a=b =250 m), T=0; X usmeHsierca no
100 m oT 300 m go 1000 m. Mcnonb3oBaH TPEXCNOWHbIA Moaent Moapapa [1983, puc. 3], npu
KoTopom a,=0,01 cumeHc/m, ar= 0,03 cumeHc/m, a3= 0,001 cumeHc/m, I,=3 m,/=1344 T,
h2un3meHseTcaNo No ycnoBHbIM 0603Ha4YEHNAM
a) HopmupoBaHHasa amnautyga HJZO0 B 3aBucMMOCTM OT X,
b) ¢asa HJZO0 B 3aBucumocTn oT X
C) HopmwupoBaHHas amnautypa Hr/Z0 B 3aBUuCUMOCTM OT X,
d) ¢asa HFZ0 B 3aBUCMMOCTM OT X
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Fig. 5. Geometric soundings in quadrant 1near the corner point (250,250) for a square loop
{a=b =250 m) at Y= 275 where X was varied from 0 to 500 m in increments of 50 m. The
3-layer model from Poddar [1983, Fig. 3] was used, where a*O .01 S/m, a2=0.03 S/m,
a3=0.001 S/m, h!=3 m,/= 1344 Hertz, and h2 was varied as indicated in the legends
a) Normalized amplitude HJZO0 versus X,
b) phase //ZZ0 versus X,
¢) normalized amplitude //r/Z0 versus X, and
d) phase Ar/20 versus X

5. &bra. Geometriai szondazasok az I. siknegyedben, a négyzet alaki hurok (a=b=250 m)
(250,250) sarokpontjanak kozelében, T=275-nél, X pedig 0-t6] 500 m-ig valtozott 50 m-es
lépésekben. Poddar [1983, 3. abra] 3-réteges modelljét hasznaltuk, ahol 0q=0,01 S/m.
a2=0,03 S/m, a3=0,001 S/m, A =3 m,/ = 1344 Hz és h2 Ggy valtozott, ahogy azt
a jelmagyarazat feltlinteti
a) A HJZO0normalt amplitadé X fiiggvényében,
b) a HJZO0 fazis X fliggvényében,
¢) a Hr/Z0 normalt amplitidd X fliggvényében,
d) a HrZO0 fazis X fliggvényében

Puc. 5. McTaHUMNOHHbIE 30HAMPOBaHUA B NEpPBOI YeTBEPTU MAOCKOCTU, BOAM3N YrNOBOA TOUKM
KOHTYpa KBafpaTHoi (a=b= 250 m) dhopmbl. Y= 275; X nameHsetca no 50 m ot 0 go 500 m.
Vicnonb3oBaH TpexcnoiHblii MoAent Mogaapa [1983, puc. 3] npu kotopom 0,= 0,01 cumeHc/m,
0,= OC3 cumeHc/m, 0, =0.001 cumeHc/m, A=3 m,/= 1344 Ty, h? n3meHseTca cornacHo
YCNOBHbIM 0603HaYeHNAM
a) HopmMMpoBaHHasa amnauTyga # zZ/Z0 B 3aBMCUMOCTH OT X,
b) dasa tf,/Z0 B 3aBUCMMOCTM OT X,

C) HopmupoBaHHas amnnuTyga HZO0 B 3aBMCUMOCTY OT X,
d) asa Hr/Z0 B 3aBucMmocTnt oT X
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Fig. 6. Parametric soundings near the loop center for a square loop (a=b =10 m) at the point
(X=2, Y=3), and computed over a given induction number (B=R0/8) range. The 2-layer
model from Poddar [1983, Fig. 2] was used, where cr, =0.01 S/m, a2=0.3 S/m, and h was

varied as indicated in the legends
a) Unnormalized amplitude H, versus B,
b) phase Hz versus B,
¢) unnormalized amplitude Hr versus B, and
d) phase Hr versus B.

6. abra. Paraméter szondazasok egy négyzet alak( hurok (a=b= 10 m) kdzéppontjanak
kozelében, az (X=2, Y =3) pontban, egy adott indukcié szdm (B= R0/5) tartomanyon szamitva.
Poddar [1983, 2. abra] 2-réteges modelljét hasznaltuk, ahol cr*O.0Ol S/m, 02=0,3 S/m és /; Ugy

valtozott, ahogy a jelmagyarazat feltlinteti
a) A normalatlan H. amplitad6 B fliggvényében,
b) a //. fazis B fuggvényében,
¢) a normalatlan Hramplitidd B fliggvényében és
d) a Hr fazis B fliggvényében
Puc. 6. MNapameTpnyeckue 30HAMPOBaAHMA BONNU3W LEHTPa KOHTYpa KBafpaTHON (opMbl,
(a=b= 10 m), B Touke (X=2, Y=3), 4ns [aHHOro MHTepBana uncen uHaykumm (B =R,/S).
Vicnonb3oBaH ABYXCNOMHbIA Mogenb Moagapa [1983, puc. 2], npu KOTOPOM a, = 0,01 cuMeHc/M,
a, = 0,3 cuMeHc/M, h n3MeHsAeTCs COrnacHo YC0BHbIM 0603Ha4YeHNAM
a) HeHOpMMpOBaHHaa amnauTyfa H. B 3aBMCUMOCTM OT B.
b) ¢asa H,, B 3aBUCMMOCTU OT B,
C) HEeHOpMWpOBaHHas amnauTyda Hr B 3aBucumoctun ot B.
d) asa Hr B 3aBucMmoctn ot B

5. Conclusions

A new algorithm was discussed that evaluates simultaneously the radial Hr
and vertical Hz magnetic fields inside or outside a rectangular loop source of
current on a multilayered earth. A fast Hankel transform algorithm [Anderson
1982] is the basis for the new solution, which in turn, reduces the overall
computation of either Hror #, to four elementary spline-function integrations.
Accuracy of this method is at least comparable to that obtained with dipole or
circular loop source methods. Because of the improved speed of the calcula-
tions, future uses of this technique during inverse solutions in either frequency-
or time-domains would be nearly as practical for rectangular loops as for dipole
sources. The general idea presented can be readily extended to additionally
compute the electric field components about a rectangular loop source. Further
extensions and savings could be realized by storing intermediate FHT results
for repetitive calculations using the same earth model while varying the loop size
and/or position.
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A RADIALIS ES FUGGOLEGES MAGNESES TER GYORS SZAMITASA RETEGZETT
FOLDON FEKVO, TEGLALAP ALAKU HUROKFORRAS KOZELEBEN

Walter L. ANDERSON

Gyors Hankel-transzformacids (FHT) algoritmust alkalmaz a rétegzett fold felszinén fekvd,
téglalap alaku hurokforrason belili vagy azon kivili, radialis vagy fiigg6leges magneses tér felhasz-
nalasaval végzett paraméter (vagy geometriai) szondazasok gorbéinek egyidejii szamitasara. Az
FHT a linearis digitalis sz(rés elvét hasznalja fel és ha a téglalap alaki hurok problémajara
alkalmazzuk, minden egyes térszamitas négy elemi spline integralasra egyszer(isodik. Paraméter
szondazas esetén az FHT-re csak egyszer van sziikség minden egyes frekvencian; geometriai szon-
dazas esetén az FHT-t csak egyszer kell végrehajtani ahhoz, hogy megkapjuk mindkét térosszetevot.
Az FHT modszernek a meglévd, dipblra, koralakl és téglalap alak( hurokra vonatkoz6 egyenes
feladat megoldasokkal valé dsszehasonlitdsa azt mutatja, hogy legalabb harom szamjegyes pon-
tossag érhet6 el jelent6sen csokkentett szamitasi id6 mellett is. Ennek kovetkeztében az inverz
feladat megoldasa mind a frekvencia-, mind az id6tartomanyban gyakorlatilag is lehetséges lesz
téglalap alaki hurokforrasa éppagy, mint dipdlforrasra.

BbICTPOE BbIYNCNEHWE PAONA/IBHOIO N BEPTUKA/IbHOITO MAITHUNTHOIO
nonAa BBEAN3U BO3E‘}’)K,EI,AI-OLLI,EVI MNET/IN I'IPFIMO)’FOJ'IHOVI ®OPMbI, HA-
XOAAWENCA HA NMOBEPXHOCTW C/TIOUCTOWM CPEADbI

Banbtep /1. AHOEPCOH

MpumeHseTcs anropuTMm 6bICTpoid XeHKen-TpaHcdopmaymm (FHT) Ans BbIYUCNEHNSA KPUBbIX
30HAMPOBaHMIA (MapaMeTpPUUECKNX WU AUCTAHLMOHHBIX), MPOBEAEHHbIX C MPUMEHEHUEM pajuab-
HbIX UM BEPTUKaNIbHbIX KOMMOHEHTOB MarHUTHOFO NONS NPSIMOYTO/IHOr0 KOHTYpPa, HaX0AsLLEero-
€S Ha MOBEPXHOCTM cnouctoit cpefpl. Mpn FHT ucnonb3yeTrca NpMHUMN NMHERHON LWthpoBoOi
unbTpauum. Bcnydae NnpsiMOYrofHOro KOHTYpa BblUMC/IEHUs MONeli NpeBpaLLaeTcs B MHTErpaLmio
YeTbIpex 3NeMeHTapHbIX «CnnakHoB». Mpu NapameTpUUECKOM 30HAUPOBaHUM HyxeH FHT Tonbko
pas Ha KaXayto yacToTy. [1py reoMeTpMYeCcKOM 30HANPOBAHWU ANS BbIYUCIEHNSI 060X KOMMOHEH-
TOB Hy)XXeH FHT Tonbko oauH pa3. ConocTaBneHue pe3ynbTaToB, MOMYYeHHbIX C MPUMEHEHWEM
FHT c pesynbTaTaMu CyLUECTBYHOLLMX PELUEHW A MpsMbIX 3afjady Ans AUMONS U NeTNeil Kpyrnoi
1 NpAMOYronHoW (OpM YyKasblBaeT Ha TO, YTO AOCTMraeTcsi TOYHOCTb MOpsifKa TPeX Ludpos.,
CYLLEeCTBEHHO COKpallas W BpeMsi BblUMCNEHWIA. Bnarogaps 3TOro NpakTUYeCKM MOXHO pellaTb
1 06paTHble 3ajaun Ans NPSIMOYTroHOr0 KOHTYpa W ANs AUMNONS TaK B YaCTOTHbIX, KaK U BPEMEH-
HbIX AManasoHax.






